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Abstract 
Although audition may appear to be the dominant sensory modality in speech 
production, the capacity for intelligible speech following severe hearing loss 
suggests that other sensory information - for example, somatosensory 
feedback - may also contribute to the achievement of speech targets. The aim 
of this thesis is to explore the role of somatosensory feedback in speech 
produced by healthy adults. 
The first study aimed at providing a test of whether somatosensory 
feedback plays a role in speech production beyond the language acquisition 
period in early childhood. In order to achieve this goal, we designed a pattern 
of forces that affects jaw movements during speech production, but at the 
same time has no measurable acoustic effect. We found that subjects 
compensated for such a distortion in speech movement trajectories, even 
though it had no impact on the sounds. In contrast, no adaptation was observed 
in matched non-speech jaw movements, indicating that this was not an 
inevitable consequence of exposing the orofacial apparatus to this pattern of 
forces. This is the first demonstration that somatosensory information on its 
own drives the achievement of articulator positions in speech. 
In study one, it was observed that subjects only adapted to the loads in 
the opening phase of the jaw movement. In order to elucidate this somewhat 
unexpected finding, we carried out experiments in which we manipulated the 
linguistic content of the training utterance. We found that subjects 
compensated for the perturbations only in portions of the movement that 
v 
contained a vowel-to-vowel transition. It was suggested that the required 
kinematic preCISIon during a transition between two vocal tract shapes 
associated with vowels is higher than during transitions between a consonant 
and a vowel. It also points to the speech-like nature of the observed adaptation. 
The third study aimed at investigating the extent to which speech 
motor learning generalizes across acoustic contexts. We trained subjects to 
produce utterances while exposed to a velocity dependent force field. After 
learning, the subjects were tested with new utterances, matched on dynamics 
to the ones used in training. Note that even if the acoustic contents of the test 
and the training utterances were different, the loads had a similar effect on 
both speech movements. We showed that learning did not transfer to the test 
utterances; therefore adaptation was restricted to the specific training context. 
These results point to the specificity of speech motor learning. 
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Résumé 
Bien que l'audition puisse sembler être la modalité dominante lors de la 
production de la parole, la capacité pour les personnes non-entendantes à 
parler de façon intelligible suggère que de l'information sensorielle non-
auditive telle que la rétroaction somatosensorielle contribue également à la 
prononciation de mots et de phrases. Le but de cette thèse de doctorat est 
d'explorer le rôle de la rétroaction somatosensorielle lorsque des adultes 
normaux produisent de la parole. 
La première étude vise à évaluer le rôle de la rétroaction 
somatosensorielle lors de la production du langage parlé au-delà de la période 
d'acquisition du langage durant la prime enfance. Pour atteindre ce but, nous 
avons créé un patron de forces qui altère les mouvements de la mâchoire 
durant la production de syllables, sans que ne soit affecté le son produit. Nous 
avons démontré que les sujets compensaient pour une distorsion dans la 
trajectoire des mouvements de la mâchoire, même si la qualité acoustique du 
son produit n'était pas entravé. À l'inverse, aucun apprentissage n'a eu lieu 
lors de la production de mouvements non-linguistiques équivalents aux 
précédents sur le plan dynamique. Ceci indique que l'adaptation observée au 
cours des tâches de langage n'était pas une conséquence inévitable du fait 
d'exposer l'appareil orofacial à un patron de force. Il s'agit de la première 
démonstration unéquivoque de l'importance de la rétroaction 
somatosensorielle dans l'atteinte de cibles linguistiques. 
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Les résultats de la première étude démontre que les sujets s'adaptent au 
patron de force uniquement dans la phase d'ouverture du mouvement de la 
mâchoire. Afin de clarifier ses résultats, nous avons effectué des 
expérimentations dans lesquelles nous avons manipulé le contenu linguistique 
des syllables produites durant de la session d'apprentissage. Nous avons 
observé que les sujets compensent pour la perturbation seulement dans les 
portions du mouvements contenant une transition entre deux voyelles. Nous 
suggérons que la précision kinématique requise lors d'une transition entre 
deux positionnements de la voie vocale associés à la production de voyelles 
est plus élevée que lors de la transition entre une consonne et une voyelle. Ceci 
expliquerait la différence observée dans le processus d'adaptation. 
La troisième étude vise à investiguer si l'apprentissage moteur réalisé 
au cours d'une tâche linguistique peut être transféré d'un contexte à l'autre. 
Nous avons entraîné des sujets à produire des syllables alors que leur mâchoire 
était exposé à un champ de force. Ensuite, nous avons évalué ces mêmes sujets 
sur la production de nouvelles syllables, équivalentes sur le plan dynamique à 
celles utilisées durant la session d'apprentissage. Soulignons que même si le 
contenu phonétique différait entre les syllables produites durant la phase 
d'apprentissage et durant l'évaluation du transfère d'apprentissage, le patron 
de force avait un effet comparable sur chacun des mouvements linguistiques. 
Aucun transfère d'apprentissage n'a été observé entre les deux conditions 
expérimentales. Ces résultats soulignent le caractère spécifique de 
l'apprentissage moteur en contexte de langage parlé. 
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Contributions to Original Knowledge 
The study described in Chapter Two (published ln Nature) is the first 
demonstration that speakers pursue somatosensory goals during speech 
production. In the past, investigators have found that subjects compensated for 
a perturbation that affected both the auditory feedback and the somatosensory 
feedback. In another series of experiments, the auditory feedback was 
manipulated in the absence of any distortion of the speech movement. They 
showed that subjects modified their motor commands to reach the expected 
acoustic targets. Our study completed the picture: we have been able to alter 
somatosensory feedback without affecting the associated acoustic output. 
Under the se conditions, speakers adjusted their motor commands in order to 
restore the aimed speech movement trajectory. 
The experiments reported in Chapter Three (in press in a book entitled 
Dynamics of speech production and perception, and edited by P.L. Divenyi 
and G. Meyer) address an unexpected finding of study one; namely, the fact 
that subjects only adapted to the perturbation in phases of speech movement 
that contained a transition between two vowels. By manipulating the location 
of the vowel-to-vowel transition, we found in Study Two that speakers have 
less tolerance to kinematic variability when they produce two vowels in a row 
than when they generate a transition between a vowel and a consonant. More 
importantly, this study provides further evidence that adaptation to distortion 
in somatosensory feedback is speech-like in nature. Therefore, it supports the 
hypothesis that a somatosensory goal is pursued when planning speech. 
x 
For over a decade, inconsistent data has been found in the literature 
concerning whether or not motor learning generalizes across dynamic 
environments. Speech movements are ideal to test that idea, as different 
phonetic contents can be embedded in utterances matched on dynamics. In 
Study Three, we showed that speech motor learning is specific to the 
conditions under which it occurred: speakers did not transfer between 
utterances of similar dynamics. 
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Preface 
This is a manuscript-style thesis, comprised of three research articles that are 
related to a common theme - the investigation of the role of somatosensory 
feedback during speech motor learning. Although there are separate 
Introduction and Discussion sections in each chapter, a General Introduction is 
provided at the beginning of the the sis and a General Discussion can be found 
at the end. The General Introduction presents a comprehensive literature 
review of the two domains of research on which the reported studies are based. 
The General Discussion does not undertake a detailed discussion of each 
chapter, but rather explores the general implications of the findings in the 
thesis, and examines possible future directions for research. 
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Chapter 1 
General Introduction 
CHAPTER 1. GENERAL INTRODUCTION 2 
In order to pro duce goal-directed movements such as running toward 
someone, grasping objects or pronouncing words, a representation ofthese actions 
must be defined at least at two levels: the cognitive level and the execution level. 
This was nicely illustrated by Woodworth (1906): "When l voluntarily start to 
walk, my intention is not of alternately moving my legs in a certain manner; my 
will is directed toward reaching a certain place. l am unable to de scribe [ ... ] what 
movements my arms or legs are going to make; but l am able to state what result l 
design to accomplish." At the cognitive level, the representation consists of goals 
and consequences of a specific action; this is the conscious part of the motor 
planning. At the execution level, actions are represented in greater details and are 
translated into motor commands (Jeannerod, 1998). At this lower level, the motor 
system should know about the kinematics and the dynamics of the limbs (Mussa-
Ivaldi & Bizzi, 2000). In other words, it needs to have a map of its own 
musculoskeletal properties and their actions. This will allow the system to 
anticipate the effect of a particular set of motor commands. The motor system 
must also acquire information about the dynamics of the environment in order to 
anticipate the external forces that could influence the movement. It is in this 
context that the system specifies a motor plan where motor commands result in 
forces required to achieve the desired movements as a function of the 
environment. Throughout life, individuals' limb dynamics are modified by the 
growth of muscles and bones, and by ageing. The environment is also in a 
constant state of change. Such variations have to be accounted for, so the motor 
system needs a way to regularly update the mapping of the limb and 
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environmental dynamics in relation to the forces necessary to produce 
movements. This broadly defines the concept of motor adaptation. 
This thesis is composed of three studies that explore different aspects of 
motor adaptation in speech production. The goal is to better understand how the 
orofacial apparatus adjusts to changing dynamical environments, and to what 
extent somatosensory feedback is involved in the process. More precisely, we 
aimed at exploring what role somatosensory feedback plays in speech production, 
as weIl as evaluating the specificity of speech motor learning. In aIl experiments, 
we have altered the dynamical environment of the jaw during speech to study 
different aspects underlying speech motor adaptation. The next section presents an 
overview of the thesis content. It is foIlowed by a review of the most relevant 
work conceming both limb and speech motor learning. 
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1.1 Overview 
To explore the role of somatosensory feedback during speech production, we 
examined how healthy subjects adapted to mechanical perturbations delivered to 
the jaw while speaking. Then we compared the level of adaptation achieved in 
various contexts. 
Chapter two presents a series of experiments that aim at establishing to 
what extent speakers care about reaching precise somatosensory targets during 
speech in the case where acoustic goals are already met. In other words, will 
subjects expend energy to compensate for a force that distorts speech movements 
even if it has no audible consequence on the quality of the sound produced? To 
answer that question, we designed a task in which a robotic device attached to the 
mandibular teeth applied a mechanical perturbation to the jaw. This perturbation 
was strong enough to alter jaw movements, and yet too weak to affect acoustic 
output. 
The results showed that reaching specific acoustic targets is not the unique 
goal of speech. The subjects adjusted their motor commands in order to cancel out 
the effect of the load. In fact, even when subjects were required to produce silent 
speech - and therefore had no access to acoustic feedback altogether - they 
compensated for the distortion in the jaw motion path. In contrast, in a task where 
comparable jaw movements were produced in a context other than speech, 
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adaptation was not observed. These experiments demonstrated that speech should 
be understood both as an auditory and a somatosensory task. 
One particularity of the results obtained in the first study is the fact that 
adaptation was only achieved in the opening phase of movement - characterized 
by a transition between two vowels - and not in the c10sing phase - a transition 
between a vowel and a consonant. The goal of the experiments reported in 
Chapter Three was to elucidate that finding. We tested the ide a that adaptation 
patterns varied in relation to the acoustic properties of the sound produced. We 
manipulated the location of the vowel-to-vowel transition within the utterance -
for example, in the opening jaw movement (sias) and in the c10sing jaw 
movement (sais). Here again, we found that subjects adapted to the perturbation 
only in phases of speech movements that contained the transition between vowels. 
This study suggests that transitions between two vocal tract shapes associated 
with vowels have high precision requirements. 
While subjects have demonstrated the ability to compensate for loads 
applied at the level of the jaw, we were interested in whether this learning would 
extend to novel acoustic contexts. The experiments presented in Chapter Four 
were designed to test that hypothesis. We trained subjects to produce a specifie 
utterance under force field conditions. Then, we assessed transfer of learning by 
measuring their performance with a second utterance. Three pairs of training and 
test utterances were selected. Each pair was formed of two utterances that were 
CHAPTER 1. GENERAL INTRODUCTION 6 
matched on dynamics to various degrees (in sorne cases the training and the test 
utterances were only partially matched, whereas in other cases, the same utterance 
was produced with different voice volumes, creating a more complete match). The 
goal was to ensure that the perturbation had a similar effect on jaw movements in 
the training phase and the test phase of the experiment. Even under conditions of 
complete match, subjects adapted while producing the training utterance but this 
learning did not transfer to the test utterance. These results illustrate the 
specificity of motor learning in the context of speech. 
CHAPT ER 1. GENERAL INTRODUCTION 
1.2 Literature Review 
1.2.1 Limb Motor Learning 
7 
Our substantial capacity to adapt to various types of mechanical environments has 
inspired much research interest. Looking at the environments in which the motor 
system shows adaptation can offer insight into how the nervous system achieves 
motor learning and what information it utilizes when planning motor commands. 
In the past decades, the focus has been on motor adaptation to artificial dynamic 
environments. There are quite a few daily life examples of adaptation to changing 
dynamic conditions: walking in the water or against a strong wind, walking on a 
mattress, lifting an object much lighter than expected, etc. These situations require 
adjustments of the system based on kinesthetic feedback from the limbs, but also 
on feedback coming from the environment (i.e. visual feedback, auditory 
feedback, etc). For experimental purposes, one may wish to alter one kind of 
feedback at a time and see how subjects react to this change. The goal is to 
investigate the specific role of each feedback separately. For example, the visual 
environment can be modified in such a way that the kinematic mapping of the 
visuomotor system needs to be integrated into a new coordinate system. However, 
it is also possible to manipulate the mechanical environment so that an update of 
the neural processes that compensate for dynamics is necessary in order to 
achieve adapted movements. Studies have been executed using both paradigms. 
To perturb visual feedback, investigators have used prismatic lenses that shift the 
whole visual environment (see We1ch, 1986, for a review), or they have altered 
visual feedback of limb position on a computer display. While wearing prismatic 
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lenses, subjects are required to reach a target without vision of the limb. At tirst, 
the target is missed by the magnitude of the shift induced by the prisms since the 
relationship between the visual position of the target and the sensed arm position 
is altered. With practice, subjects are able to hit the target accurately. When they 
remove the lenses, the target is missed by an equal distance but in the opposite 
direction to the initial error. This phenomenon is called the after-effect and it 
suggests that subjects are able to adjust their movements by learning a new 
kinematic map within a different coordinate system. 
A second approach that has been used is to alter the arm's dynamics by 
applying a force field to the hand (see Shadmehr & Mussa-Ivaldi, 1994 for a 
detailed description ofthis approach). Typically, investigators proceed as follows: 
subjects are required to pro duce movements toward targets while gripping the 
handle of a robot manipulandum. During the "null field" phase, called the 
baseline condition, no force is applied: under these conditions, subjects have little 
difficulty executing the task and move their hand along a straight-line. In the 
experimental phase, a velocity dependent force field perturbs the reaching 
movements - typically lateral to the movement path - with a strength correlated 
with the hand tangential velocity. Training generally continues over several 
hundred trials. In the third phase, the after-effect is measured by unexpectedly 
removing the force field. 
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In general, force field studies yield a broadly similar pattern of results. 
First, when subjects are initially exposed to the force field, movements are 
substantially disturbed. However, as the experiment progresses, subjects gradually 
return to the more or less straight-line movements that were produced in the 
baseline condition. When the force field is unexpectedly removed after the 
completion of the training phase, the subsequent movements are approximately a 
mirror image of the distortion induced by the field at the beginning of the 
experiment. This motion dependent after-effect suggests that subjects adopt a 
strategy other than simply co-contracting or stiffening up their limbs to offset the 
effect of the force field (Gandolfo et al., 1996). Investigators claim that the 
relationship between the hand velocity and the force is learned by updating an 
internaI dynamic representation (Shadmehr & Mussa-Ivaldi, 1994). Based on this 
new information, subjects generate endpoint forces that are equal and opposite to 
the imposed forces. They are thus able to compensate for the distortion created by 
the robot and can produce straight-line movements that imitate the ones produced 
in the baseline condition. However, when the force field is removed, the force 
compensation causes the subjects to produce disturbed movements in a direction 
opposite to the force field. Note that at the starting position the hand velocity is 
zero, and so is the force field, consequently there is no way for the subjects to 
predict that the subsequent trial will be executed under a null field condition. 
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1.2.1.1 Transfer of Learning 
Investigators have been interested in how motor adaptation to altered dynamic 
conditions generalizes. First, they have examined transfer of learning across 
workspaces (Shadmehr and Mussa-Ivaldi, 1994; Shadmehr and Moussavi, 2000; 
Malfait 2002, 2005). Subjects were required to produce arm movements to 
multiple targets within a given workspace location while a force field was applied 
at the level of the hand. Following adaptation, they were asked to reach a set of 
new targets in a different workspace approximately 80 cm away. Results showed 
that transfer of learning was observed between workspace locations only when 
loads applied at the hand during the test phase were identical in joint coordinates 
to those in the training phases. Therefore, subjects had to produce the exact same 
movement and be perturbed by equivalent loads for generalization to occur. 
Transfer of learning was also explored across various target directions 
within a given part of the workspace (Gandolfo, 1996; Thoroughman, 2000). In 
general, learning was found to be specific to directions in which training was 
carried out. More precisely, they measured the amplitude of the after-effects 
following adaptation to the force field and observed that it drastically decayed as 
the angular distance between training and test directions increased. Sainburg and 
colleagues (1999) found similar results with inertialloads while using a different 
approach: they looked at the effect of training in a single direction on performance 
in neighboring directions. Note that in this experiment, the loads experienced 
during training remained present throughout the transfer test. Following 
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adaptation, movements towards new targets were significantly less accurate and 
resembled those produced at start of training. 
Grasping experiments were also found to be a useful way to examine the 
extent to which motor learning transfers to various contexts. For example, Witney 
and Wolpert (2003) designed a bimanual task in which subjects were required to 
generate a pulse on an object with their left hand in order to trigger a force load on 
the object held with their right hand. As training progressed, subjects learned to 
produce an anticipatory grip force adjustment with the right hand in relation to 
pulses generated by the left hand. During the test phase, the increase in the grip 
force was only observed when the left hand pulse was directed toward a target 
visited during training. The authors concluded that learning was local to the very 
restricted angular space where training had occurred. Salimi and colleagues 
(2000) explored how subjects adjusted their grip force in relation to changes in an 
object's center ofmass. Although they very easily learned how to compensate for 
the asymmetrical weight distribution of the object to be lifted, subjects were not 
able to appropriately scale their grip force at each finger once they turned the 
object up side down. Here again, learning was specifie to the conditions in which 
training had occurred. 
T ransfer of learning was also investigated using visuomotor perturbations 
(Kitazawa 1997). These authors trained subjects to reach a target with one of four 
movement durations while wearing prismatic glasses. Then, they looked at the 
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size of the after-effect at all four movement speeds after the removal of the prisms 
with both the trained arm and the contralateral arm. They found that the after-
effect was large st when the movement speed corresponded to the one experienced 
during training, and that it decayed rapidly as the difference in velocity increased. 
When the contralateral arm was used for the transfer test, the after-effect was 
never significant. 
Other investigators have shown that, if provided with extensive training, 
subjects can learn two force fields simultaneously. For example, subjects were 
able to adjust their motor commands differently according to specifie audiovisual 
eues (Osu et al., 2004) or combinations of target directions and seriaI order of 
movements (Wainscott et al., 2005). These studies further suggest that motor 
learning is context specifie. 
As a who le, grasping, prismatic and force field studies that were reviewed 
in this section show that motor learning has limited generalizability beyond the 
conditions in which the training occurred. 
1.2.2 Adaptation to Perturbations in Speech Motor Control 
As in arm studies, speech researchers have developed various paradigms to 
explore how the oro facial apparatus adapts to different contexts, in order to better 
understand the processes that underlie speech production and speech motor 
learning. One area that has been extensively investigated is the use of sensory 
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feedback in the planning of speech production, or whether feedback information 
provided by ongoing speech is utilized on a trial-to-trial basis to improve 
subsequent utterance productions. One way of addressing this issue is to evaluate 
how speech is affected by different kinds of perturbations imposed on the 
oro facial system. 
McFarland and colleagues have used artificial palates to alter the structure 
of the vocal tract during speech production (Baum & McFarland, 1997, 2000; 
McFarland et al., 1996). Typically, subjects are told to produce different speech 
utterances while wearing an alveolar-palatal appliance that thickens the alveolar 
ridge. Acoustic and perceptual analyses are done in the baseline condition 
(without the artificial palate), immediately after the installation of the artificial 
palate, and again after 15 minutes of practice. This structural perturbation tends to 
produce a greater alteration in fricative consonants [s J] and stop consonants [ 
p t k] than in vowels [i au]. However, the alteration seems to decrease 
with practice, supporting the idea that sensory feedback plays a role in speech 
motor learning. In other words, these results suggest that subjects take into 
account feedback information from the auditory system and/or the somatosensory 
system in order to correct their motor commands for subsequent utterances. 
In sorne studies (Baum et al., 1997, 2000), acoustic measures without the 
artificial palate were significantly different before and after the period of practice, 
suggesting that changes in motor control parameters that took place during the 
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adaptation period persisted even though the perturbation was removed. This after-
effect also supports the hypothesis that closed-Ioop corrections are involved in the 
planning of speech motor control, since feedback information seems to be needed 
for appropriate adjustments of the motor commands to the new context. However, 
there is also evidence of sorne sort of feedforward control or predictive 
compensation. Specifically, spectral differences in stop consonants were more 
apparent with thin palates than with the thick ones immediately after their 
installation. The authors' interpretation was that with thick palates, the 
perturbation was so obvious that there was no need to rely on auditory feedback to 
predict - and to compensate for - the effect of the perturbation. Rapid adjustments 
occurred on the basis of predictive controls so that very few acoustic differences 
were recorded. However, with thin palates, the structural change might have been 
too subtle for predictive compensation. This could be an indication that subjects 
need to decode sorne acoustic or proprioceptive anomalies through sensory 
feedback before correcting for the perturbation (McFarland et al., 1996). 
In the studies described above, the installation of the artificial palate 
within the subjects' mouth provided them information on the effect of the 
perturbation before any sound was produced. Honda and colleagues (2002) 
developed a technique that eliminated this information: they used an inflatable 
mechanical device to modify the thickness of an artificial palate just before 
syllables were uttered. Under these conditions, where no contextual cues were 
available for predictive ad just ment s, speech errors were observed on the very first 
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utterance following the perturbation and compensation started to take place on 
subsequent syllables. 
Bite blocks have also been used to study speech under altered conditions 
(Lindblom et al. 1979; Fowler and Turvey 1981; Fledge et al. 1988; Baum, 
McFarland & Diab, 1996; McFarland & Baum, 1995). This technique induces a 
functional perturbation in the sense that it impairs positioning and movements of 
the orofacial system rather than its structure. Subjects perform a speech 
production task while holding a block between their lower and upper teeth, which 
eliminates jaw motion. This perturbation tends to have a greater influence on 
vowel production than on consonant production (McFarland et al., 1995). By the 
end ofthe training phase, improvement was observed in the acoustic quality of the 
vowel. 
In summary, experiments using artificial palates and bite blocks suggest 
that both error-based correction and predictive compensation are used in speech 
production. What remains unclear, though, is the type of information that drives 
adaptation, given that the perturbation produced errors in both somatosensory and 
auditory feedback. One way to investigate this issue is to pro vide subjects with 
altered feedback of one sensory system at a time. This method has been used 
extensively to explore the role of auditory feedback in speech production. For 
instance, as far back as 1911, Lombard manipulated the ambient noise level and 
observed that speakers modified the volume of their voice accordingly (Lombard, 
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1911). This is a c1assic example of motor speech adaptation in response to 
alteration of auditory feedback, in a context where somatosensory feedback is 
preserved. 
More recently, Jones and Munhall (2000) provided speakers with altered 
fundamental frequency (FO) feedback. Subjects were required to repeat vowels 
while hearing the auditory feedback of their own speech production through 
earphones. The feedback was transformed such that the pitch was slowly but 
constantly shifted to a lower or a higher level (depending on the condition) after 
each repetition. The authors showed that subjects gradually compensated for an 
increase in FO by regularly lowering their pitch, and vice versa. They also showed 
that when an untransformed feedback was unexpectedly sent to subjects after 
training, their pitch on that trial was much higher than normal for the "raising" 
condition and much lower than normal for the "lowering" condition. According to 
the authors, this "after-effect" is an indication that subjects successfully achieved 
a sensorimotor adaptation. This adaptation might have occurred through an update 
of the mapping between kinesthetic and auditory feedback using a c1osed-Ioop 
correction system (Guenther, 1994). 
Similar experiments have been carried out with native Mandarin speakers 
(Jones and Munhall, 2005; Xu et al., 2004). The goal was to investigate the degree 
to which learning extends beyond specific training conditions. The authors chose 
Mandarin since it is a tone language in which the meaning of a word is dependent 
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upon the pitch of the utterance. Subjects were trained to produce an utterance with 
tone 1 (flat pitch) while the pitch of their auditory feedback was gradually shifted 
up. As in the previous experiment, subjects compensated for the increase in the 
perceived pitch. An after-effect was also reported: subjects' voice pitch was lower 
in the test phase when auditory feedback was unexpectedly back to normal. To 
assess possible transfer of learning, the subjects participated in a second 
experimental session in which they were required to produced tone 1 during the 
training phase and tone 2 (rising pitch) during the test phase. Although an after-
effect was also observed when testing tone 2, it was significantly less robust in 
comparison with the after-effect of tone 1. The authors interpreted the latter 
finding as evidence for auditory-motor mapping which is local and target 
dependent in nature. According to them, separate representations are responsible 
for the production of individual tone categories (Jones and Munhall, 2005). 
Houde and Jordan (1998; 2002) favored a different approach to study 
adaptation to altered auditory feedback. They used an apparatus that provided 
feedback of shifted formant frequencies (see also Purcell and Munhall, 2006; 
Villacorta et al., 2004; 2005). They asked subjects to whisper consonant-vowel-
consonant (CVC) utterances that always inc1uded the sound Ici, During the first 
phase of the experiment, the vowel' s first formant frequency was gradually 
shifted until it reached a stage in which the actual pronunciation of the sound /cl 
was perceived by subjects through headphones as a Iii or lrel, depending on the 
subject's group. This level of frequency shift was maintained constant during the 
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second phase, the training phase. Then, subjects were tested for transfer of 
leaming while producing different CVC utterances: sorne with the sound /el, but 
in a different consonant context (C-/el-C), sorne with a different vowel but the 
same consonants (/p/-V-/p/). They found that subjects adapted to the perturbation 
by altering their production of speech utterances in order to maintain auditory 
feedback that resembled the sound /el. They also observed that leaming 
generalizes across contexts: indeed, the adaptation achieved during the training 
phase affected the production of the test utterances, both C-/el-C and Ip/-V -/p/. 
The authors concluded that the control process underlying the production of 
different vowels is partially shared (Houde and Jordan, 1998). 
As a whole, studies of formant frequency shift and pitch-shift showed that 
subjects compensate when their perceived auditory feedback is altered. This 
points to the importance of acoustic output during ongoing speech. Although it 
has never been directly tested, sorne studies suggest that somatosensory feedback 
might also play a predominant role in speech production. For example, in sorne 
experiments using bite blocks (Lindblom, 1979; Fowler, 1980; McFarland et al., 
1996), the very first vowel produced after the installation of the perturbing device 
was "close to perfect", even though no auditory feedback had been received yet. 
Lindblom et al. (1979) concluded that the immediate compensation must be 
achieved on the basis of a non-auditory feedback system. In another study, Garber 
and colleagues (1980) reported that performance in speech tasks while wearing a 
dental appliance did not depend on accessibility to auditory feedback: subjects 
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compensated in a similar way to the structural perturbation whether or not the 
acoustic output was masked by white noise. Access to auditory feedback did not 
facilitate adaptation. Finally, the fact that people who become deaf once speech is 
acquired are capable in sorne cases of producing good speech quality is another 
indication that somatosensory feedback may play a significant role in speech 
production. 
1.3 Summary 
This chapter has reviewed two domains of research that have inspired the studies 
presented in this thesis: limb motor control using force field perturbation and 
speech motor learning. 
Studies have shown that subjects can adapt their reaching movements to 
visuomotor perturbations - using prismatic lenses - and to new dynamic 
environments induced by force fields. The presence of an after-effect once the 
perturbation is removed after training suggests that motor commands are modified 
to compensate for the distortion in the arm movement. Investigators have also 
used these paradigms to examine whether motor learning transfers to novel 
conditions. In grasping studies, they reported that adaptation in grip force increase 
was specifie to the directions and the fingers used during training. After 
adaptation to a visuomotor perturbation, no transfer was observed to the 
contralateral arm or to untrained movement speeds. In experiments using the force 
field protocol, transfer across workspaces was only observed when the forces 
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were identical at joint coordinates, that is, when the same movement was 
performed under the influence of comparable loads. Within the same workspace, 
leaming was largely confined to the directions visited during training. In addition, 
it has been shown that one can leam two force fields simultaneously, if provided 
with contextual cues. As a who le, these studies highlight the specificity of motor 
leaming. 
To better understand the processes underlying speech production, 
researchers have developed various paradigms to explore how the oro facial 
apparatus adapts to a number of different perturbations. We focused here on the 
studies investigating the role of sensory feedback in the planning of speech 
movements. It has been shown that subjects easily adapt to perturbations that alter 
the structure of the oral cavity (artificial palates) or that impede movements of 
speech articulators (bite blocks). These manipulations have an impact on 
somatosensory feedback and auditory feedback simultaneously. Therefore, 
although it is c1ear that sorne sensory information is taken into account during 
speech, the type of information used - somatosensation, acoustics or both -
remains unknown. T 0 answer this question, investigators have altered the auditory 
feedback system in ways that only indirectly affected somatosensory feedback. 
For example, they have used techniques that shifted voice fundamental frequency 
or first and second formant frequencies. These experiments underscore the 
presence of an acoustic goal in speech production. 
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Experimental studies and clinical observations suggest that somatosensory 
feedback might also play a significant role in speech. However, a direct test of 
that hypothesis has yet to be reported. This is what we will attempt to provide in 
the following studies. 
Chapter 2 
Somatosensory basis of speech production 
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Preface 
The goal of the experiments presented in Chapter two is to examine the role of 
somatosensory feedback in speech production. We investigated whether speakers 
would adapt to predictable mechanical loads that altered jaw movement paths, 
without affecting the associated acoustics. The hypothesis was that if subjects 
modify their motor commands to compensate for deviations induced in speech 
movements (even when there is no measurable nor perceptible effect on the sound 
produced), then it would suggest that a somatosensory goal, independent of the 
acoustic goal, is pursued in speech production. We studied the way subjects 
adapted to these loads in two different speech contexts: (1) normal vocalized 
speech and (2) silent speech. In the former context, speakers knew from auditory 
feedback that the perturbation did not induce any acoustic distortion. During silent 
speech, subjects had to rel y strictly on somatosensation. In both contexts, subjects 
adapted to the new dynamics. 
To mIe out the possibility that adaptation was an inevitable consequence 
of exposing jaw movements to such perturbations, we trained subjects while 
producing matched non-speech jaw movements. Even after several practice 
sessions, none of the subjects was able to compensate for the kinematic distortion. 
This is the first demonstration that reaching somatosensory targets is a 
goal in and of itself when producing speech. It stands in contrast to the general 
belief that speech relies primarily on auditory feedback. 
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Tremblay, S., Shiller, D.M., & Ostry, DJ. (2003). Somatosensory basis of speech 
production. Nature, 423, 866-869. 
2.1 Abstract 
The hypothesis that speech goals are defined acoustically and maintained by 
auditory feedback is a central idea in speech production research (Guenther et al. 
1999, Guenther et al., 1998; Houde and Jordan 1998; Jones and Munhall, 2000; 
Perkell et al. 1993; Perkell and Nelson, 1985). An alternative proposaI is that 
speech production is organized in terms of control signaIs that subserve 
movements and associated vocal-tract configurations (Browman and Goldstein, 
1992; Guenther, 1995; Saltzman and Munhall, 1989). Indeed, the capacity for 
intelligible speech by deaf speakers suggests that somatosensory inputs related to 
movement play a role in speech production - but studies that might have 
documented a somatosensory component have been equivocal. For example, 
mechanical perturbations that have altered somatosensory feedback have 
simultaneously altered acoustics (Hamlet and Stone, 1976; Linblom et al., 1979; 
McFarland et al., 1996; McFarland and Baum, 1995; Savariaux et al. 1995). 
Hence, any adaptation observed under these conditions may have been a 
consequence of acoustic change. Here we show that somatosensory information 
on its own is fundamental to the achievement of speech movements. This 
demonstration involves a dissociation of somatosensory and auditory feedback 
during speech production. Over time, subjects correct for the effects of a complex 
mechanicalload that alters jaw movements (and hence somatosensory feedback), 
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but which has no measurable or perceptible effect on acoustic output. The 
findings indicate that the positions of speech articulators and associated 
somatosensory inputs constitute a goal of speech movements that is wholly 
separate from the sounds produced. 
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2.2 Introduction 
We have adapted a technique used in studies of limb motor control to apply 
velocity dependent mechanical perturbations to the jaw. The perturbation was 
designed to be of sufficient strength to alter systematically the motion path of the 
jaw, and hence somatosensory feedback, without affecting the associated acoustic 
output. As in work on limb movement, adaptation to an artificial mechanical force 
field indicates the adjustment of control signaIs to take account of loads on the 
basis of sensory input (Gandolfo et al., 1996; Goodbody and Wolpert, 1998; 
Lackner and Dizio, 1994; Shadmehr and Moussa-Ivaldi, 1994; Thoroughman and 
Shadmehr, 2000). 
We have altered somatosensory feedback in three different tasks-one 
involving normal vocalized speech, another during 'silent speech' (speech without 
vocalization), and a third that involves a non-speech jaw movement that is 
matched in amplitude and duration to that observed in speech. In the vocalized 
speech condition, subjects were required to repeatedly produce the utterance siat 
(pronounced 'see-at') at a subject-chosen rate and volume. This condition was 
tested to assess the extent to which adaptation to a somatosensory perturbation 
might occur in the presence of unaltered acoustic feedback. The silent speech 
condition explicitly removed auditory feedback, and hence examined the ability of 
subjects to adapt in the total absence of auditory input. Subjects in this group were 
asked to articulate the utterance siat without producing any sound. The non-
speech condition addressed the issue of whether adaptation would occur in a 
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cyclical jaw movement task that is matched only in amplitude and duration to that 
observed in speech. There was no reference whatsoever to speech production in 
the description of the task for the non-speech group. 
A robotic device was connected to the mandibular teeth, and was used to 
deliver mechanical perturbations to the jaw (Figure 2.1A). Sagittal plane forces 
were applied along a horizontal axis (parallel to the occlusal plane), in the 
direction of jaw protrusion. The forces were proportional to the instantaneous 
vertical velocity of the jaw (measured at the incisors) such that the magnitude of 
the perturbation increased with the velocity of movement (Figure 2.1B). 
Performance was quantified for each subject by measuring on a trial-by-trial basis 
the maximum horizontal distance between the movement path un der force field 
conditions and the average movement path with the field off (null field). A 
decrease in the horizontal distance over trials reflects sensorimotor adaptation in 
which the effect of the force field is reduced. 
2.3 Results 
Analyses of kinematic data revealed a systematic pattern of force field adaptation 
in speech production. Figure 2.2 illustrates movements for individual subjects in 
the vocalized speech condition (Figure 2.2A), the silent speech condition (Figure 
2.2B) and the non-speech condition (Figure 2.2C). A baseline phase of 20 null-
field trials provided a reference movement path under unperturbed conditions 
(black lines). As shown in blue, the jaw path deviated in the direction of 
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protrusion with the introduction of the force field. FoIlowing training, adaptation 
(shown in red) was observed in the vocalized speech and the silent speech 
conditions, but not in the non-speech condition. The green paths illustrate an 
after-effect in which the jaw was retracted in comparison to the baseline foIlowing 
the unexpected removal of the force field (vocalized speech and silent speech 
conditions). 
Figure 2.3 gives mean values of maximum horizontal deviation in each of 
these conditions on a per-subject basis. It can be seen that the force field had a 
similar initial effect for subjects in aIl experimental conditions: compared to the 
baseline, movements at the start of training in the force field deviated significantly 
in the protrusion direction (P < 0.001 for aIl subjects). Although there were 
individual differences in the initial deviation caused by the field, there was no 
overall difference in the magnitude of the perturbation between the groups (P > 
0.05). Somatosensory feedback was thus initially altered in a comparable way in 
each of the conditions tested. At the end of training (shown in red), adaptation 
was observed as indicated by a significant reduction in deviation from baseline for 
aIl but two subjects (S7 and S8) in the vocalized speech group (P < 0.01), and for 
aIl subjects in the silent speech group (P < 0.001) (Figure 2.3A, 2.3B). In contrast, 
adaptation was not observed in the non-speech group: for two subjects, 
movements at the end of training did not differ reliably from those at the 
beginning (P > 0.05), for the other two subjects there was an increase in the 
deviation (Figure 2.3C, left si de). A motion-dependent after-effect (shown in 
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green) following the unexpected removal of the force field illustrates that 
adjustments to offset the effects of the force field were generally as large in 
magnitude as the initial deviation for the vocalized speech and the silent speech 
groups (Figure 2.3A, 2.3B). None of the four subjects in the non-speech condition 
showed an after-effect in the direction of retraction relative to baseline (Figure 
2.3C). 
Two subjects in the non-speech group were tested over an extended period 
of time to see whether the absence of adaptation in that condition arose simply as 
a consequence of limited practice. Both were tested under force field conditions 
for four days in a row (2,100 trials in total for each subject). The right si de of 
Figure 2.3C shows results of the final day of training, labeled 2.2B and 2.3B. 
Neither of the subjects showed an adaptation or an after-effect. This indicates that 
matching jaw movements on duration and amplitude al one is insufficient for the 
achievement of the adaptation observed in the speech groups. 
As a further control, we tested a variant of the non-speech condition in 
which subjects were required to produce discrete jaw lowering movements from 
an initial position with the mouth closed to a remembered target location. We 
reasoned that discrete jaw lowering movements might have absolute spatial goals 
more comparable to those observed in speech. The opening movements were 
equal in amplitude and duration to the opening movements in the vocalized 
speech condition. Subjects were instructed to briefly hold the target position and 
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then to return slowly to the starting position. Subjects were trained in the same 
force field as in the previous conditions. A pattern similar to that observed in 
cyclical non-speech movements was obtained (Figure 2.3D). For aIl subjects, 
initial exposure to the force field resulted in a reliable deviation from baseline 
conditions (P < 0.01). Training did not produce a reduction in the deviation (P > 
0.05). The sudden removal of the force field did not result in an after-effect 
comparable to that observed in Figure 2.3A, 2.3B (P > 0.05). 
To verify that the perturbations produced by the force field did not 
systematicaIly alter the speech acoustics, the first and second formant frequencies 
were examined during the transition between i and a in the test utterance siat. 
Figure 2.4A gives an example of the acoustic spectrogram for a single utterance. 
The spectrogram depicts FI and F2 frequencies during the voiced portion of the 
utterance. The white rectangle highlights the transition between vowels. Figure 
2.4B shows transitions in formant frequencies between vowels (time-normalized) 
at different phases of the experiment for a single subject. It may be seen that the 
formant frequency transitions were similar throughout the experiment. Statistical 
tests were carried out across subjects in order to compare the acoustic signaIs in 
the baseline, the first and the last 20% of training, and in the final nuIl-field trials 
in which the load to the jaw had been unexpectedly removed. Differences in 
average FI and F2 frequency were assessed at the midpoint of the vowel 
transition as weIl as at its start and end (25% of the peak velocity of the 
transition). These points were chosen to ensure that the velocity of the vertical 
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movement was sufficiently high to induce a significant mechanical perturbation 
due to the field. No significant difference was found between the four phases of 
the experiment at the three measurement points in FI (P > 0.05) or in F2 (P > 
0.05). Thus, the perturbation did not measurably alter the acoustic signaIs. 
Figure 2.4C shows the pattern of acoustic effects for each subject 
separately. The individual data points give the formant frequencies at the peak 
velocity of the transition between vowels. It may be seen that there is no 
systematic pattern of acoustic changes associated with the force field. Significant 
differences in formant frequencies between the four phases of the experiment 
were observed in a small number of subjects (subject 6 for FI frequency, and 
subjects 6 and 8 for F2, P < 0.01). In all but one case (F2 frequency for subject 8), 
values for baseline and initial exposure to the force field were comparable. An 
examination of formant frequencies on a per-subject basis was also undertaken at 
the start and end of the acoustic transition between vowels. As in the case of the 
peak velocity measure, no systematic acoustic effect was observed. 
An additional acoustic analysis was carried out to examine the possibility 
of an acoustic effect on the very first trial in which the force field was applied. No 
difference was observed in FI frequency (P > 0.05) or in F2 frequency (P > 0.05) 
between the first force field trial and the remaining three experimental phases 
(baseline, end of training and after-effect). These results further support the ide a 
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that the mechanical perturbation created by the force field was not large enough to 
alter measurably the acoustic signaIs. 
Possible perceptible differences in the acoustics due to the presence of the 
force field were assessed using a perceptual discrimination task adapted from 
Bernstein and Trahiotis (1982). The results of these perceptual tests showed no 
ability of listeners to distinguish utterances produced in the force field condition 
from those in the baseline condition. The average proportion of correct 
identification of utterances produced in the force field condition was 0.54 (99% 
confidence interval, CI, 0.064). These tests were repeated by having the subjects 
of the vocalized speech condition make perceptual discrimination judgments on 
their own utterances. For these subjects, the average proportion correct was 0.49 
(99% CI 0.063). There was thus no perceptible auditory cue that would 
distinguish utterances produced in force field and null-field conditions. 
2.4 Conclusion 
In summary, we have examined the role of somatosensory information in speech 
production by applying velocity-dependent mechanical loads to the jaw that 
altered the movement path, and hence somatosensory feedback, without affecting 
the speech acoustics. We found that when speech acoustics were unaltered, or 
even absent altogether, subjects nevertheless adapted to the perturbation such that 
the motion path of the jaw approached that observed in the absence of load. The 
observation that adaptation in jaw movements occurs when speech acoustics are 
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unaltered by the perturbation indicates that somatosensory information on its own 
is a principal component of the speech target. Changes to somatosensory input 
result in modifications to speech movements that restore the normal path of the 
jaw even when the acoustic goal is achieved. The similarity of movements 
following adaptation to those observed in the absence of load suggests that a 
precise pattern of somatosensory feedback related to the entire course of the 
movement is used to update the control signaIs underlying jaw motion in speech. 
Moreover, the non-speech conditions demonstrate that adaptation is not an 
inevitable consequence of training in a force field, that is, it is neither due to 
reflexes nor a consequence of the active force-generating properties of jaw 
muscles. Our findings indicate that in speech, a somatosensory goal is pursued 
independent of the acoustics. 
2.5 Experimental procedures 
Mechanical perturbations were delivered to the jaw using a robotic device 
(Phantom 1.0, Sensable Technologies). The coupling between the robot and the 
jaw involved (1) an acrylic and metal dental appliance that was glued to the 
buccal surface of the teeth, and (2) a magnesium and titanium rotary connector 
that permitted motion of the jaw in aIl six translational and rotational degrees of 
freedom. The head was immobilized by connecting a second dental appliance, 
which was attached to the maxillary teeth, to a rigid metal frame that consisted of 
two articulated metal arms, one on each side of the head, that were locked in place 
during data collection. 
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The force vector, f, produced by the robot depended on the velocity vector 
of the jaw at the incisors, v, according to the following linear equation:f = Blvl, 
where B is a constant matrix representing viscosity in N s m-1• Specifically, we 
used a force field defined by: 
B 
where Bxx represents force in the horizontal direction in proportion to horizontal 
velocity, and Bxy represents horizontal force in proportion to vertical velocity. 
Peak forces ranged from 4 to 5 N. 
Twenty subjects were divided into two groups, a voicing group (8 
subjects) and a non-voicing group (12 subjects). The non-voicing group was 
further separated into three conditions: a silent speech condition (4 subjects), a 
non-speech cyclical movement condition (4 subjects), and a non-speech discrete 
movement condition (4 subjects). Subjects in all conditions were instructed to 
keep movement amplitude and duration constant. The experimenter monitored a 
real-time display of movement parameters, and provided verbal feedback when 
amplitude or duration deviated from their initial values by more than 20%. 
Subjects in the voicing group were also instructed to keep volume constant by 
monitoring values on a sound pressure level meter. 
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The experiment began with a familiarization phase with the field off (null 
field), in which subjects produced 30 repetitions (trials) of the utterance siat or the 
non-speech movement that was to be subsequently tested in the experiment. A 
baseline phase of 20 further null-field trials provided a reference movement path 
under unperturbed conditions. This was followed by a field-on training phase of 
525 trials, after which the force field was unexpectedly removed and 30 further 
trials were collected. These final trials under null-field conditions assessed the 
possible presence of movement after-effects. Data analyses focused on jaw 
lowering alone, as this phase of movement was associated with potential acoustic 
effects in the vowel-to-vowel transition (i-a) due to the perturbation. 
Subject performance was quantified by measuring maximum horizontal 
distance between perturbed movements and the average baseline path. The 
analyses were repeated using the horizontal distance between the perturbed 
movement at maximum lowering velocity and the baseline. The two yielded 
similar results. Statistical analyses using analysis of variance (ANOV A) were 
conducted for each subject separately. The analyses compared the maximum 
deviation from baseline movements in the first 20% of the training trials, the last 
20% of the training trials, and the null-field trials following training (after-effect). 
Pair-wise comparisons of means were carried out using Tukey's method, where 
appropriate. 
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2.5.1 Acoustical analyses 
The acoustic signal associated with the production of utterances in the vocalized 
speech condition was analogue low-pass-filtered at 10 kHz and sampled at 
22.5 kHz. Acoustic formant tracking was carried out on the transition between the 
vowels i and a. For the purpose of subsequent analyses, values for the first and 
second formants (FI and F2, respectively) were taken at 25% of the peak velocity 
of each formant transition (at the beginning and the end of the transition) and also 
at the point of peak velocity. Note that the acoustics associated with the vowel-to-
vowel transitions were of particular interest as the force field depended on 
movement velocity and hence would have had the greatest effect during the 
transition between vowels. Statistical tests of potential acoustic effects due to the 
force field were conducted on a per-subject basis for the first and second formant 
frequencies separately using ANOV A. 
2.5.2 Perceptual task 
Six listeners were presented with randomly selected individual utterances 
recorded from null-field and initial force field trials. Each test sequence 
comprised four utterances. The sequences were either of the form AABA or 
ABAA, where A represents an utterance randomly chosen from null-field trials in 
the baseline condition and B is an utterance randomly selected from initial force 
field trials. The listeners were told that they would hear utterances that were 
recorded in two different conditions, and were required to indicate whether the 
second or the third differed from the other three. Listeners were presented with 
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three blocks of 50 such sequences. Each block contained utterances selected from 
a single speaker. 
The test was repeated using four subjects in the vocalized speech condition 
who were required to make perceptual judgments on their own utterances. In this 
case, two blocks of 50 sequences composed entirely of the listeners' own 
productions were used as stimuli. AH other aspects of the procedure were identical 
to those described above. 
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2.6 Figures 
Figure 2.1. A. Schematic showing subject attached to the robotic device. B. Jaw 
opening movement with the force field off (black) and upon initial exposure to the 
field (gray). Vectors depict the magnitude and direction of force applied by the 
robot over the course of the movement. The double headed-arrow shows the 
maximum horizontal deviation between null-field and force field movements 
which served as a performance index. 
Figure 2.2. Sagittal plane jaw motion paths during the base li ne condition (black), 
initial exposure to the force field (blue), at the end of training (red), and following 
unexpected removal of the field (green). The figure shows individual trials for 
single subjects. A. During vocalized speech, adaptation to the force field and a 
subsequent after-effect are observed. B. During silent speech, the pattern of 
adaptation and after-effect observed in vocalized speech is unaltered by removal 
of acoustic feedback. C. Matched non-speech movements show neither adaptation 
nor an after-effect. 
Figure 2.3. Jaw position during force field adaptation shown on a per subject 
basis. Average values of maximum horizontal deviation are presented for initial 
exposure to the force field (blue), end of the training (red), and following to the 
unexpected removal of the field (green). Connecting lines are provided for 
visualization purposes only and do not imply correlations across subjects. A. In 
vocalized speech six out of eight subjects showed adaptation (reduction of 
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deviation and an after-effect). B. All subjects in the silent speech condition 
showed adaptation. C. None of the subjects in the cyclical non-speech condition 
showed either a reduction in deviation or an after-effect (Sl-S4). S2 and S3 were 
tested for an extended period of time and showed no adaptation (2B and 3B). D. 
Subjects in the discrete non-speech condition showed a pattern similar to those in 
the cyclical non-speech condition. 
Figure 2.4. A. Spectrogram of the acoustic signal during a single repetition of the 
utterance siat. The dark bands show the frequency composition of acoustical 
energy. FI and F2 formant tracks are indicated by yellow lines. The white 
rectangle indicates the region of acoustical transition between vowels i and a. B. 
First and second formant frequencies during the transition from i to a: baseline 
(black), initial exposure (blue), end of training (red), and following unexpected 
removal of the field (green). Formant frequency trajectories for a single subject 
are shown. The curves give average values for individual blocks. C. No 
systematic acoustic effect is observed when FI and F2 frequencies are examined 
on a per subject basis. 
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Chapter 3 
The Achievement of Somatosensory Targets as an Independent 
Goal of Speech Production - Special Status of Vowel-to-Vowel 
Transitions 
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Preface 
The study reported in the prevlOUS chapter provides evidence that a 
somatosensory goal is pursued during speech production. Indeed, subjects adapted 
to a velocity dependent force field that disturbed speech movements and yet had 
no impact on the sound produced. Adaptation was not achieved by subjects who 
were required to produce matched non-speech movements. Study One provided us 
with another finding, this one rather unexpected: subjects performing the speech 
tasks only adapted in the opening phase of the jaw movements. One hypothesis 
was that a mechanical or geometrical characteristic of the task was responsible for 
that partial adaptation. This would be the case if, for example, jaw velocity was 
found to be higher in the opening movements, leading to greater deviation in that 
phase of the movements. A second hypothesis was that the phonetic structure of 
the utterance influenced adaptation. We focused our investigations on the most 
striking phonetic difference between the opening and the closing phases of the 
training jaw movements, that is, the presence of a vowel-to-vowel transition in the 
opening phase alone. 
Study Two was designed with the aim of testing these two hypotheses. We 
assessed possible variations injaw velocities of the opening movement versus the 
closing movement. No systematic pattern of speed differences could explain the 
fact that adaptation was restricted to opening jaw movements. Therefore, the 
observed partial adaptation seemed not to be due to mechanical or geometrical 
properties of the task. To test the second hypothesis, we varied the location of the 
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vowel-to-vowel transition within the speech utterance. The goal was to examine 
whether the subjects would still compensate for the force field in the opening 
phase only or if they would adapt in whatever portion of the movement held the 
vowel-to-vowel transition. We found that adaptation was achieved in the c10sing 
movement or in the opening movement, depending on where the vowel transition 
was present. This finding suggests that speakers have less tolerance to kinematic 
variations when producing vowel-to-vowel transitions than when producing a 
transition between a vowel and a consonant. More importantly, the results of this 
study underscore the fact that the observed adaptation is determined by the 
phonetic components ofthe utterances, which points to its speech-like nature. 
CHAPTER 3. DETERMINANTS OF SPEECH MOTOR LEARNING 50 
Tremblay, S. & o stry , DJ. The Achievement of Somatosensory Targets as an 
Independent Goal of Speech Production - Special Status of Vowel-to-Vowel 
Transitions. In: Dynamics of Speech Production and Perception. Divenyi, P.L., 
and G. Meyer, eds. lOS Press, Amsterdam (The Netherlands), in press. 
3.1 Abstract 
A number of studies have explored the contribution of auditory information in 
speech production. On the other hand, little attention has been devoted to the 
possible role of somatosensory feedback in the achievement of speech goals. 
Nevertheless, the ability of individuals who become deaf as adults to produce 
intelligible speech could indeed be maintained by somatosensory information. 
This paper presents the use of a method which manipulates somatosensory 
feedback independent of speech acoustics, allowing direct assessment of the 
importance of somatosensation in speech. A robotic device applied mechanical 
loads to the jaw during speech production. The device significantly altered 
somatosensory feedback without perturbing the speech acoustics. In a previous 
study (Tremblay et al., 2003), we showed that sensorimotor adaptation to 
mechanical loads is observed during both vocalized and silent speech. That is, 
even in the absence of acoustic perturbation, subjects modified their motor 
commands in order to reach desired somatosensory targets. Thus, the Tremblay et 
al. study provided direct evidence that somatosensory input is central to the 
achievement of speech targets. However, in that experiment, the observed patterns 
of adaptation were specific to movements involving a vowel-to-vowel transition. 
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To investigate this somewhat surprising outcome, the present study explores 
patterns of adaptation by manipulating the location of the vowel-to-vowel 
transition within the speech utterance. The goal was to identify the linguistic units 
for which the achievement of specific somatosensory targets might be important. 
The present results are consistent with the findings of the previous study: 
adaptation to a mechanicalload is only achieved in portions of speech movements 
that are associated with a vowel-to-vowel transition. The results are discussed in 
terms of mechanical and acoustic properties of vowel production. 
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3.2 Introduction 
A common view in speech research is that the motor system controlling speech is 
organized with the aim of achieving acoustic goals. One finding that has been 
used to support this idea is the demonstration that subjects compensate for 
perturbations in which acoustic feedback is altered, while somatosensory 
feedback remains unchanged. For example, Jones and Munhall (2000) have 
altered fundamental frequency (FO) feedback during vowel production. Subjects 
were asked to repeat vowels while hearing the acoustic feedback of their own 
speech production through earphones. The feedback was transformed such that 
the pitch was slowly and progressively shifted to a lower or a higher level 
(depending on the condition). The authors showed that subjects gradually 
compensated for an increase in FO by lowering their pitch, and vice versa. 
Therefore, pitch seems to be sensitive to altered acoustic feedback. In another 
study, Houde and Jordan (1998) used a different approach to alter acoustic 
information. They used an apparatus that provided feedback of shifted formant 
frequencies. They asked subjects to pro duce consonant-vowel-consonant (CVC) 
utterances that contained the sound lEI. The first and the second formant 
frequencies were increasingly shifted until the actual production of the sound lEI 
provided acoustic feedback corresponding to Iii or lrel, depending on the treatment 
condition. They found that subjects gradually altered their production of speech 
utterances to a point where they actually articulated the vowel la! in order to hear 
lEI. These two studies show situations in which acoustic feedback plays a 
fundamental role in the production of speech targets. 
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The capacity of intelligible speech by deaf speakers suggests that 
somatosensory information may similarly play a role in the achievement of speech 
goals (Cowie and Douglas-Cowie, 1992). A number of techniques have resulted 
in the alteration of somatosensory feedback during speech production. In a series 
of experiments, Baum and McFarland report that speakers can compensate for the 
presence of an artificial palate that modifies the internaI shape of the vocal tract 
(Baum and McFarland, 2000; 1997; McFarland et al., 1996). Other investigators 
have used perturbations that impede jaw or lip movements - such as bite blocks 
and lip tubes - that have modified somatosensory feedback (Baum et al., 1996; 
McFarland and Baum, 1995; Savariaux et al., 1995). Similarly, they found that 
subjects can adapt to such perturbations. These results indicate the importance of 
somatosensory information in the production of speech: speakers adapt to the 
perturbations in order to achieve specific vocal tract shapes, that is, 
somatosensory targets. However, in these experiments, perturbations which alter 
somatosensory feedback simultaneously produce an effect on the acoustic output. 
Therefore, one cannot rule out the possibility that the adaptation has been 
achieved in order to maintain desired acoustic feedback. 
In a previous study (Tremblay et al., 2003), we reported the first 
demonstration of an alteration of somatosensory feedback in the absence of 
acoustic perturbation. We have borrowed a technique used in studies of arm 
movements to apply mechanical loads to the jaw. The perturbation was 
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sufficiently strong to create a deviation in the movement path of the jaw, and 
hence somatosensory feedback, without affecting the associated acoustic output. It 
consisted of forces which pulled the jaw in the protrusion direction. The strength 
ofthe forces was correlated with the jaw instantaneous vertical velocity. We have 
altered somatosensory feedback in three different conditions: (1) normal vocalized 
speech, in which the subjects had to repeatedly produce the utterance siat 
(pronounced see-at) at a subject chosen rate and volume, (2) "silent speech" 
(speech without vocalization), in which subjects were required to articulate the 
utterance siat without producing any sound, and (3) non-speech jaw movements, 
in which the subjects had to produce movements that are matched in amplitude 
and duration to those observed in the speech conditions. There was no reference 
whatsoever to speech production in the description of the third task. The two first 
conditions were tested to assess the extent to which adaptation to a somatosensory 
perturbation might occur in the presence of unaltered acoustic feedback (condition 
1) and when acoustic feedback was absent altogether (condition 2). The third 
condition examined whether adaptation would occur in a matched jaw movement 
task in which the speech component has been removed. 
Our results showed that adaptation to a velo city dependent force field can 
be observed on the basis of somatosensory feedback alone (Figure 3.1). 
Subsequent acoustic analyses confirmed that the perturbations had no effect on 
the speech acoustics. For example, no difference was found in FI and F2 
frequencies during the transition between vowels when the subjects repeated 
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utterances in the force field as compared to when the movements were produced 
in the baseline condition. Moreover, a perceptual discrimination task revealed that 
listeners were unable to identify the utterances that were produced during the 
initial exposure to the force field (Tremblay et al., 2003). These results showed 
that, even when the acoustic goal is achieved, subjects modify their motor 
commands in order to reach somatosensory targets. The adaptation was not 
observed in the third condition, in which the speech component had been 
removed. This indicates that matching jaw movements on amplitude and duration 
is not sufficient to achieve the adaptation observed in the normal vocalized and 
the silent speech groups. Moreover, this is an indication that in speech, subjects 
work to maintain an entire articulatory trajectory, and not, for example, just 
movement start and end. 
Another outcome of that study was that subjects compensated for the 
perturbation only in portions of the movement that held the vowel-to-vowel 
transition, that is, in the opening portion of the movement (s-i- re). This pattern of 
adaptation was observed in both normal vocalized speech and silent speech 
(Figure 3.1A and 3.lB). The present study was performed with two purposes. 
Firstly, we wanted to replicate the findings that in speech, subjects work to 
maintain somatosensory targets independent of the acoustic output. Secondly, we 
were interested in exploring to what extent the sensorimotor adaptation to the 
mechanicalload is specifie to portions of the speech movement that held a vowel-
to-vowel transition. More precisely, we wanted to know whether the lack of 
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adaptation in the closing movement was due to the mechanical or geometrical 
components of the task or whether it was a consequence of the absence of a 
vowel-to-vowel transition. For that purpose, we varied the location of the vowel-
to-vowel transition in the speech utterance in order to examine whether the 
subjects would restrict their adaptation to the opening phase of the movement or if 
they would adapt in the portion of the movement that held the vowel-to-vowel 
transition. 
3.3 Methods 
Twelve subjects were randomly assigned to one of the two experimental 
conditions. The subjects had no known speech, hearing or other motor problems. 
Also, none of them had dental implants, prostheses, crowns or temporomandibular 
joint dysfunctions. 
3.3.1 Materials 
The force was delivered by a servo-controlled robotic manipulator; the Sensable 
Technologies Phantom 1.0 (www.sensable.com) (Figure 3.2, Panel A). The 
Phantom consists of a cable-drive mechanism with encoders for position 
measurement (0.03 mm nominal position resolution) and a six axis ATI Nano-17 
force/torque sensor (www.ati-ia.com). The latter was mounted on the tip of the 
robot for measurement of subject's applied forces and torques. The subject's jaw 
was connected to the Phantom through a custom built 3D magnesium and 
titanium connector that links the AT! force/torque sens or to the subject's lower 
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appliance and to the jaw (see below). A metal structure was built in order to 
eliminate head movements. The restraint was necessary since even small 
perturbations produce significant head motion. Movements were eliminating by 
fixing the position of the upper teeth and, consequently, the skull. Two metal 
sleeves situated at each side of the subject' s mouth fit around the metal rods 
coming out of the upper appliance. These sleeves were connected to metal bars 
that were themselves fixed to a non-movable structure. AlI pieces were attached 
together by rotary joints that were locked in place such that every part of the Head 
Restraint was independently adjustable to the subject's comfort. When a subject 
was initially positioned in the head restraint, the rotary joints were unlocked, and 
the subject would move freely in every degree of freedom. However, once the 
subject was locked in position, the head stayed completely still. Two acrylic and 
metal appliances - one for the lower teeth and one for the upper teeth - were 
custom built for each subject and served to attach the subject to the robot (the 
lower appliance) and to the head restraint apparatus (the upper appliance). The 
appliances were glued to the subject's teeth with a dental adhesive (Isodent). 
3.3.2 Force Field 
Perturbations produced by the robot pulled the jaw in the protrusion direction 
(Figure 3.2, Panel B). Force amplitude varied in proportion of the instantaneous 
vertical velocity of the mandibular incisors. When velocity of jaw opening and 
c10sing movements increased, perturbing forces increased in the direction of jaw 
protrusion. Similarly, when jaw velocity decreased, forces decreased. 
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Consequently, no force was applied when the jaw was at rest, which has the 
advantage of reducing potential subject fatigue. A force of 0.02 N was delivered 
for each millimeter per second of jaw velocity. The maximum force during a 
typical opening and closing cycle ranged from 3 to 4 N at peak velocity. As a 
safety feature, no more than 7 N were delivered. Thus, if the jaw reached a speed 
of 350 mm/sec or above, the Phantom was automatically deactivated. 
3.3.3 Tasks 
The twelve subjects were equally divided into two groups. The subjects of the 
first group were asked to repeatedly produce an utterance in which the vowel-to-
vowel transition took place in the opening movement, namely sias (pronounced 
"s-i-re-s"). The second group was trained with an utterance in which the vowel-to-
vowel transition was in the closing portion ofthe speech movement (sais). Every 
subject was required to produce the assigned utterance at his preferred rate and 
volume. The experimenter monitored a real-time display of movement parameters 
and provided verbal feedback when amplitude, duration or volume deviated from 
their initial values by more than ~20%. 
3.3.4 Experimental Design 
The experiment began with three blocks of trials, each of which contained 10 
repetitions of the test utterance. Note that during these three blocks, no force was 
applied to the jaw. This practice phase allowed the subject to familiarize himself 
with the head restraint and the robot. This practice phase was followed by the 
CHAPfER 3. DETERMINANTS OF SPEECH MOT OR LEARNING 59 
collection of a baseline dataset, which comprised one block of twenty utterances 
produced in the null field condition. This block served as a reference to which we 
compared the movements produced in the force field condition. A training phase 
consisted of 35 blocks of 15 trials each produced in the force field condition. In 
the final phase, the force field was suddenly turned off. This phase consisted of 
two blocks of 15 trials performed in the null field condition and measured a 
possible after-effect following the completion of the adaptation. 
3.3.5 Data Analyses 
The three dimensional position of the jaw at the incisors was sampled at 1KHz 
and digitally low-pass filtered at 10 Hz off-line. One complete jaw movement in 
the CUITent experiment corresponded to an opening and a closing movement. The 
start and the end of each movement were individually scored based on 10% of the 
peak tangential velocity ofthe opening and closing movements respectively. Once 
scored, the representation of jaw motion was transformed into a 3D head-centered 
coordinate frame. The origin of this new coordinate frame was the tip of the 
maxillary incisors at occlusion and the horizontal axis was aligned with the 
occlusal plane. Motor adaptation was quantified by the decrease in the maximum 
horizontal distance (mm) between each movement and the baseline path over the 
course of the training phase. The baseline was derived from the average of 
movements produced in the initial null field phase. Maximum horizontal distances 
of the first 20 % trials exposed to the force field were compared to the last 20% 
trials ofthe training phase. Statistical analyses using ANOV A were conducted for 
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each subject separately. The analyses compared the four phases of the experiment 
(baseline, first 20% of the training trial, last 20% of the training trials, and null 
field trial after training - after-effect). Pair-wise comparisons of means were 
carried out using Tukey's method, where appropriate. 
3.4 Results 
Analyses of kinematic data revealed a systematic pattern of force field adaptation 
in the portion of the speech movement that held the vowel-to-vowel transition. 
Figure 3.3 illustrates opening movements (top panels) and c10sing movement 
(bottom panels) for individual subjects in the group that produced the utterance 
sias (left panels), and the group that was tested with the utterance sais (right 
panels). As depicted by the blue lines, the jaw path deviated in the direction of 
protrusion with the introduction of the force field. Following training (shown in 
red), it can be noted that the group which produced the utterance sias reduced 
their deviation in the opening portion of the movements (s-i-re), but not in the 
c10sing portion (re-s). The opposite pattern was observed in the group that 
produced the utterance sais: the subjects did not adapt in the opening portion of 
the movement (s- re), but did reduce their deviation in the c10sing portion (re-i-s). 
A motion dependent after-effect (shown in green) was found in portions of the 
speech movements where adaptation was observed - i.e. in the opening 
movements of the sias group and in the c10sing movements of the sais group. This 
after-effect was measured at the end of the training session when the field was 
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unexpectedly removed. It is characterized by a jaw path which is retracted as 
compared to the baseline, that is, in a direction opposite to the perturbation. 
Figure 3.4 gives mean values of maximum horizontal deviation in opening 
and c10sing movements for each subject separately. The blue lines indicate that 
the force field similarly altered the path of the jaw both in opening and c10sing 
movements of each condition: movements at the start of training (in blue) 
deviated significantly in the protrusion direction compared to the baseline (p < 
0.001 for an subjects). After training (shown in red), a significant reduction in 
deviation from baseline indicates that adaptation was achieved in the opening 
movement for an subjects of the sias group (p < 0.001) and in the c10sing 
movement for an subjects of the sais group (p < 0.001) (Figures 3.4A and 3.4D). 
In contrast, adaptation was not achieved in the c10sing movement of the sias 
group or in the opening movement of the sais condition. That is, movements at 
the end of training did not differ reliably from those at the beginning (p > 0.05), 
except for one subject (3rd subject of the sias group; c10sing movements), for 
which the deviation increased over time (Figure 3.4C). Finally, a motion 
dependent after-effect (depicted in green) was observed in the opening movement 
of the sias condition and in the c10sing movement of the sais condition (p < 0.001 
in an cases). This suggests that the subjects adapted their jaw movements by 
modifying their motor commands in order to counteract the effect of the field. 
When the field was unexpectedly removed, resulting paths reflected the change in 
the motor commands the nervous system had to generate in order to cancel out the 
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external perturbation and to produce adapted movements. An after-effect was not 
observed in portions of speech movements where adaptation was not achieved, 
i.e. in the closing portion of the sias movements and in the opening portion of the 
sais movements (Figure 3.4B and 3.4C) (p> 0.05 in aIl cases). 
These results indicate that the lack of adaptation in the closing movement 
of the previous study (described in the introduction section of this chapter) was 
not a consequence of the geometry or dynamics of the orofacial apparatus. It is 
possible to adapt to this force field in the closing phase of a speech movement, as 
long as it involves a vowel-to-vowel transition. So, why is this the case? One 
possibility is that vowel-to-vowel transitions involve a higher velocity movement, 
and consequently are associated with greater perturbations. It is reasonable to 
believe that subjects would tend to first restore the movement paths in which the 
perturbation is greatest. To investigate this possibility, we compared the peak 
velocity of the opening movements to the peak velocity of the c10sing movements 
in the null field trials preceding training. Statistical analyses using Paired-sample 
T -tests were carried out on a per subject basis. Results are given in Table 3.1 (sias 
condition) and Table 3.2 (sais condition). The peak velocity of the opening 
movement was significantly higher for one subject of the sias group and one 
subject of the sais group (p < 0.01). Moreover, one subject of the sias group and 
one subject of the sais group showed a significantly higher peak velocity in the 
closing movement portion of the movement (p < 0.01). Overall, no systematic 
pattern suggests that the peak velo city was higher in portions of the movement 
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that held the vowel-to-vowel transition. We also explored the possibility that 
initial exposure to the force field had a greater effect in the portion of the 
movement that held the vowel-to-vowel transition than in the other half of the 
movement. Paired-sample T -tests were used to compare the maximum horizontal 
deviation of the opening movement and the c10sing movement during the very 
first block of the training session (15 repetitions). Results found in Table 3.1 and 
3.2 show that one subject of the sias group and three subjects of the sais group 
were significantly more perturbed in the c10sing movement than in the opening 
movement during first exposure to the force field (p < 0.01). However, there was 
no systematic pattern to the initial perturbation effects. Overall, this suggests that 
the achievement of adaptation in the vowel-to-vowel transition is not due to 
higher velocity or greater perturbation in the vowel-to-vowel transition. 
3.5 Discussion 
The results of the present study can be summarized as follows: (1) as observed in 
the previous study, subjects adapted to a velocity dependent force field that 
altered somatosensory feedback during speech production and (2) adaptation was 
obtained in portions of the speech movement that held a vowel-to-vowel 
transition. 
The reduction in maximum deviation is a demonstration that individuals 
adjust their speech movements when exposed to a velocity dependent force field, 
which indicates that the nervous system takes account of dynamics while planning 
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speech movements. The presence of a motion dependent after-effect shows that 
subjects adjusted their motor commands to cancel out the effect of the field by 
applying a force which is equal but opposite to the one delivered by the robot. 
This after-effect is indicative of the adjustments that the nervous system makes in 
order to produce movements characterized by relatively normal kinematic output 
under the influence of the field. This shows that the subjects learned the 
relationship between the field strength and the jaw velocity and, based on this 
information, compensated for the force field by applying the appropriate amount 
of force in the opposite direction. Overall, the results are consistent with previous 
work (Tremblay et al., 2003), which shows that a somatosensory goal, 
independent of the acoustics, is pursued in speech production. 
A second finding is that subjects adapt to the force field only in the portion 
ofthe speech movement that involved the vowel-to-vowel transition. We explored 
the possibility that the finding arose because of mechanical reasons. For example, 
the effect of the perturbation and/or the peak velocity could have been greater in 
the vowel-to-vowel transition than in the consonant-vowel or vowel-consonant 
transitions. Under such conditions, it would have been understandable for subjects 
to correct first for the more salient error. However, statistical analyses did not 
support this explanation: neither the peak velocity in null field nor the effect of 
the perturbation at initial exposure to the field was greater in the vowel-to-vowel 
transition than in the consonant-vowel or vowel-consonant transitions. It seems 
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that the pattern of adaptation observed in this study is not due to mechanical 
aspects of the experiment. 
A second possible explanation involves the acoustic properties of a vowel-
to-vowel transition. It could be hypothesized that the required precision of speech 
movements is higher during vowel-to-vowel transitions than during consonant-
vowel or vowel-consonant transitions. More specifically, it may be the case that 
the transition between two vocal tract shapes associated with vowels follows a 
precise kinematic pattern. This is consistent with a study carried out by Carré et 
al. (2001), in which the experimenters manipulated the shape of the transition 
between the vowels i and a in FI and F2 frequency spaces. In that study, two 
methods of deformation of the frequency transition between vowels were tested. 
A longitudinal deformation consisted of a displacement of the constriction 
location parallel to the main axis of the vocal tract, whereas the transversal 
deformation refers to a displacement perpendicular to the same axis. The authors 
presented to listeners pairs of vowel-to-vowel transitions that had been produced 
with either the same or two different methods of deformation. Then, they asked 
subjects if the transitions sounded similar or different, and if different, which of 
the two sounded more natural. They found that subjects could easily detect when 
two different methods were used to produce the transitions. Moreover, 
unanimously, subjects preferred the transversal way of deforming FI and F2 paths 
between the two vowel targets. These results suggest that during speech 
production, speakers might follow a precise pattern of kinematics while producing 
a vowel-to-vowel transition. Consequently, speakers would be more inc1ined to 
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correct for a perturbation that disrupted this precise transition pattern. This could 
explain why the subjects of the present study showed adaptation in the portion of 
the movement that held the vowel-to-vowel transition. Extensions to this 
procedure may offer a means to explore the relative precision requirements of 
somatosensory feedback during speech. 
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3.6 Figures and Tables 
Figure 3.1: Sagittal plane jaw motion paths during the baseline condition (shown 
in black), initial exposure to the force field (blue), at the end of training (red), and 
following unexpected removal of the field (green). The figure shows individual 
trials for single subjects. Top panels show the opening phase of the movements, 
whereas the bottom panels show the closing phase. Adaptation to the force field is 
represented by both a restoration of the jaw path from initial exposure to the force 
field to baseline movements, and a subsequent motion dependent after-effect in a 
direction opposite to the force field. A. During vocalized speech, adaptation to the 
force field is observed in the opening phase of the movement, but not in the 
closing phase. B. During silent speech, the pattern of adaptation observed in 
vocalized speech is unaltered by removal of acoustic feedback: adaptation is 
observed in the opening phase only. C. Matched non-speech movements show no 
adaptation in any phase of the movement. 
Figure 3.2: A. Schematic showing subject attached to the robotic device. B. Jaw 
opening movement with the force field off (grey) and upon initial exposure to the 
field (black). Vectors depict the magnitude and direction of force applied by the 
robot over the course of the movement. The double headed-arrow shows the 
maximum horizontal deviation between null-field and force field movements 
which served as a performance index. 
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Figure 3.3: Sagittal plane jaw motion paths during the baseline condition (black), 
initial exposure to the force field (blue), at the end of training (red), and foHowing 
unexpected removal of the field (green). The figure shows individual trials for 
single subjects. Left hand panels show the opening phase of the movements, 
whereas the right hand panels show the closing phase. A. During the production 
of sias, adaptation to the force field and a subsequent after-effect are observed in 
the opening phase, but not in the closing phase. B. During the production of sais, 
the pattern of adaptation and after-effect are observed in the closing phase of the 
movement only. 
Figure 3.4: Average values of maximum horizontal deviation shown on a per 
subject basis for initial exposure to the force field (in blue), end of the training 
session (in red), and following the unexpected removal of the force field (in 
green). A. In the opening phase of the movement, aH subjects of the sias group 
showed a decrease in the maximum horizontal deviation and a significant motion 
dependant after-effect, whereas in B. none of the subjects in the sais group 
adapted to the force field in this same phase of the movement. C. None of the 
subjects in the sias group showed adaptation in the closing movement, but D. aH 
subjects of the sais group adapted to the force field in the closing phase of the 
movement. 
Table 1: Peak velocity and maximum initial deviation for the sias group on a per 
subject basis. The first two columns display the mean peak velocity of the trials in 
CHAPTER 3. DETERMINANTS OF SPEECH MOTOR LEARNING 69 
the null field condition for the opening and the closing movement separately. The 
third and the fourth columns show the average of the maximum horizontal 
distance between the average baseline and the trials of the initial block under 
force field conditions. 
Table 2: Peak velocity and maximum initial deviation for the sais group on a per 
subject basis. The information provided in this table is comparable to the previous 
table, but concerns the subjects of the second condition (sais group). 
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Peak Velocity; Null Field Maximum Initial Deviation 
(mm/sec) (mm) 
SIAS Opening Closing Opening Closing 
Condition 
Subject 1 0.2221 * 0.1739 3.3499 2.0056 
Subiect 2 0.2396 0.2249 2.5831 2.4630 
Subject 3 0.1691 0.1919* 1.7729 2.1173 
Subiect 4 0.2188 0.2453 0.8509 2.3567* 
Table 3.1 
Peak Velocity; Null Field Maximum Initial Deviation 
(mm/sec) (mm) 
SAIS Opening Closing Opening Closing 
Condition 
Subiect 1 0.2286* 0.2036 2.8013 3.6640* 
Subject 2 0.1669 0.1543 2.0460 3.3760* 
Subject 3 0.1801 0.2583* 1.7307 2.3113 
Subject 4 0.2335 0.2603 2.2080 3.0767* 
Table 3.2 
Chapter 4 
Specificity of speech motor learning 
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Preface 
In Study Three, we focused on the specificity of speech motor learning. The 
extent to which learning new dynamics generalizes across contexts is an 
unresolved issue in the motor learning literature. Speech offers a unique 
opportunity to study transfer of learning since different phonetic contents can be 
embedded in speech movements that are matched on dynamics. This study was 
designed to use this particularity of speech production as a new window through 
which motor generalization could be examined. Subjects were trained under force 
field conditions while producing a given utterance (the training utterance) and 
tested for transfer of learning with a second utterance (the test utterance). We 
selected pairs of training and test utterances that were matched on dynamics to 
various extents. In the first experiment, the training and the test utterances were 
matched on jaw movement alone. In Experiment Two, the utterances were 
characterized by similar dynamics either in the opening or in the closing phase of 
the jaw movement, depending on the condition. In the third experiment, the 
training and the test utterances were identical, except that one was spoken aloud 
and the other was produced without phonation. None of the matching conditions 
resulted in transfer of learning from the training to the test phase. These results 
suggest that speech motor learning is highly context-specific and argue against the 
idea that a generalized representation of dynamics is created when speakers are 
trained in a novel dynamic environment. 
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4.1 Abstract 
The idea that the brain controls movement using a neural representation of 
dynamics has been a dominant hypothesis in motor control research for over a 
decade. Speech movements offer an unusual opportunity to test this idea since it is 
possible to vary phonetic content while matching utterances on dynamics. If 
learning results in a generalizable dynamics representation, learning should 
transfer when similar dynamics are embedded in phonetically distinct utterances. 
Here we show that when training and transfer utterances are equated on dynamics 
there is no transfer from one to another. This points to the specificity of speech 
motor learning and argues against the idea of a generalized dynamics 
representati on. 
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4.2 Introduction 
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Humans are extraordinarily good at controlling forces. Indeed when we reach for 
an object or use a tool the brain not only controls the position of the limbs, it also 
concurrently corrects for limb dynamics, the forces that arise as a consequence of 
the movement. The accuracy of our movements underscores the precision with 
which this correction can be accompli shed. It has been hypothesized that this 
ability is based upon a representation of the dynamics of the limb that the brain 
acquires in the course of learning (Flanagan and Wing, 1997; Shadmehr and 
Mussa-Ivaldi, 1994; Wolpert et al., 1995). However, the evidence for an internaI 
dynamics representation is correlational and a direct test has yet to be reported. If 
motor learning involves the acquisition of an internaI dynamics model then 
learning should transfer when the same dynamics are embedded in another task. 
Speech motor control offers the possibility of testing transfer of learning between 
phonetically distinct utterances that are matched in terms of their dynamics. Here 
we show that even when the dynamics of training and test utterances are closely 
matched no measurable transfer of learning is observed. The failure to observe 
any transfer of learning between movements that are essentially equivalent in 
terms of dynamics points to the specificity of motor learning and is inconsistent 
with the idea that speech motor control is dependent on a generalized dynamics 
representation. 
There have been recent demonstrations that show that motor learning has 
limited generalizability beyond the region in which the training occurred. Both 
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dynamics learning and grip force modulation show limited transfer to directions 
other than those on which subjects were specifically trained (Malfait et al., 2005; 
Sainburg et al., 1999; Witney and Wolpert, 2003). Similarly, visuomotor 
adaptation shows little transfer across velocities (Kitazawa et al., 1997). There is 
also a rapid de crea se in the magnitude of force field after-effects and in the effect 
of errors on subsequent movements outside of the training region (Donchin et al., 
2003; Gandolfo et al., 1996; Thoroughman and Shadmehr, 2000). 
Motor learning in human arm movement is often context specific. For 
example, subjects can simultaneously learn opposite force patterns if they are 
appropriately distinguished by contextual cues (Gandolfo et al., 1996; Osu et al., 
2004; Wainscott et al., 2005). There is similarly evidence of specificity in speech 
motor learning. Subjects have been observed to adapt to a novel dynamic 
environment during vocalized speech and silent speech but do not adapt during 
non-speech movements that are matched for amplitude and duration (Tremblay et 
al., 2003). Here we de scribe a further instance of specificity, one that is difficult 
to reconcile with the idea that motor learning is mediated by any kind of 
generalized representation of dynamics. We show that, in speech production, 
motor learning is so contextually sensitive that learning fails to transfer even to 
utterances that are matched on dynamics. Subjects in these experiments learned to 
talk in an altered dynamic environment in which a robot applied mechanicalloads 
to the jaw in proportion to jaw opening or c10sing velocity. Following training 
with one utterance, subjects were asked to pro duce a test utterance in order to 
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assess transfer of learning. The training and test utterances were matched on a 
continuum that extended from equating the dynamics of jaw movements alone to 
creating a match across movements of jaw and tongue. 
We matched training and transfer utterances in three ways, one involving 
jaw movements alone, one involving ton gue and jaw movement in a restricted 
portion of an utterance, and one involving similar movement of the tongue and 
jaw throughout. Utterances were considered matched if they were equai in 
amplitude, velocity and duration of either jaw movement or ton gue and jaw 
movement combined. In the jaw-matched condition (Experiment 1), subjects were 
trained to produce the utterance sias (see-ass) while the robot applied forces to the 
jaw. Following adaptation, the subjects were tested for transfer of learning with 
the utterance suas (soo-ass). Sias and suas were selected because they are 
matched on the basis of jaw movements while the tongue movements may differ. 
In the restricted-match (Experiment 2), subjects were trained either with the 
utterance sias or with the utterance sais (sah-ees) and were then tested for transfer 
of learning with the utterance siais (see-ah-ees). Subjects that were trained with 
sias had tongue and jaw movements matched to the test utterance in the opening 
phase; subjects that trained with sais were similar to the test utterance during 
closing. In the global-match condition (Experiment 3), subjects were trained and 
tested with the utterance sias; haif of the subjects produced the utterance siiently 
during the training phase and aloud during the test phase while the other haif 
trained with vocalized speech and were tested for transfer with silent speech. For 
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these subjects, tongue and jaw movements were similar in the training and the test 
phases. 
The motor task involved adaptation of the orofacial apparatus to an artificial 
mechanical force field, delivered to the jaw by a robotic device (Figure 4.1). The 
force field displaced the jaw in a protrusion direction, along an axis orthogonal to 
jaw opening and closing movements, with a magnitude proportional to the 
instantaneous velocity of the jaw measured at the incisors. The force field was 
applied in the mid-sagittal plane. The force vector, J, produced by the robot 
depended on the velocity vector of the jaw at the incisors v, according to the 
following linear equation: J = Bv, where B = (0, 20; 0, 0) N.sec.m-l. 
4.3 Results 
Figure 4.2 displays records of typical jaw movements for the training and transfer 
utterances in each of the three experiments. Panel A shows jaw lowering 
movements for training with sias and transfer to suas Uaw-match condition); B 
gives training with sias and transfer to siais (restricted-match); Panel C shows 
sias vocalized and sias sUent (global-match) as training and transfer utterances. 
The left si de of each panel is for the training utterance, whereas the right si de 
provides information on the transfer utterance. The black lines refer to the 
baseline condition. The blue and the red lines show performance at the start and 
end of learning. The green lines indicate the movements after training following 
unexpected removal of the load - the after-effect trials. 
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The blue paths show that initial exposure to the force field had similar 
effects on the jaw movement path for both the training and transfer utterances. 
The red paths de mon strate that subjects adapted to the perturbation in each of the 
three experiments (left panels), but that there was no transfer of learning (right 
panels), regardless of the degree to which movements in the training and the 
transfer utterances were matched. The green lines show that unexpected removal 
of the load following training produced an after-effect for the training utterance 
(right) and no after-effect for the transfer utterance (left). 
Performance was quantified for each subject separately by measuring, on a 
trial-by-trial basis, the maximum perpendicular distance between each movement 
path under force field conditions and the average baseline path for the same 
utterance as measured in the absence of load. As a first analysis, we compared the 
first and last 10% of the training trials. The aim was to assess whether subjects 
adapted or not to the new dynamics, as indicated by a significant decrease in 
maximum perpendicular distance of movements at the end of training than at the 
beginning. Using this criterion, we found that 15 subjects out of 22 were capable 
of learning the task (p < 0.01). This adaptation rate is typical of experiments using 
the force field proto col in speech tasks and has been reported elsewhere (Nasir 
and Ostry, in press; Tremblay et al., 2003). The remaining statistical analyses and 
figures are based on the performance of the subjects who met this learning 
criterion. Figure 4.3 gives the learning curves (± standard error) for each of the 
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three experiments. The separate red data points (± standard error) at the two ends 
of each curve show performance for the transfer utterance upon initial exposure to 
the force field (left side) and performance in the test for transfer of learning at the 
end of the experiment (right). The green data points (± standard error) labeled as 
TR for training utterances and TE for test utterances refer to the maximum 
perpendicular distance of the movements under null field conditions after training 
(the after-effect trials). A between-subjects analysis showed adaptation to the 
force field but no transfer of learning. Specifically, it can be seen that upon initial 
exposure to the force field, jaw displacement was similar for the training and test 
utterances (p > 0.05). By the end of training, jaw movements for the training 
utterance were reliably less deviated than at the beginning (p < 0.01). Following 
unexpected removal of the load, the jaw trajectory is significantly deviated from 
the baseline path, in a direction opposite to the force field. This indicates the 
presence of a significant after-effect for the training utterances (p < 0.01). Three 
results suggest that in spite of reliable adaptation there is no transfer of learning: 
jaw movements in the transfer test are significantly more deviated than jaw 
movements at the end of the training phase (p < 0.01), jaw deviation for the test 
utterances is no different after training than before (p > 0.05), and no after-effect 
was observed, as the jaw movements for the test utterances after removal of the 
load do not differ from the baseline path (p > 0.05). Thus the learning that 
occurred for the training utterance did not transfer to the test utterance. 
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We assessed the similarity of movements for training and transfer utterances 
in a number of ways. First, for each of the three experiments, we compared jaw 
kinematics under nuIl field conditions to show that movements were initiaIly 
matched on dynamics. We also compared the kinematics of the movements that 
we used in the transfer task with jaw kinematics during force field adaptation. The 
aim of this analysis was to show that during force field adaptation subjects were 
trained in aIl of the states they would subsequently experience in the transfer task. 
In addition, we carried out a second control study in which we used an 
electromagnetic motion-tracking device (Carstens AG 500) to record and compare 
the trajectories of jaw and tongue movements for each of the training and transfer 
conditions that we tested. 
When we examined jaw movements that had been recorded by the robot 
under nuIl field conditions, we found with one exception that the movement 
amplitude, total duration and maximum velocity of training and transfer 
utterances were similar. SpecificaIly, there were no reliable differences in either 
movement amplitude or duration between training and test conditions in any of 
the three experiments (p > 0.05 in aIl cases). Maximum velocities were similar for 
two of the three experiments (p > 0.05) but differed at p < 0.05 for sias and siais. 
Similarly, we found that the states that subjects encountered in the transfer 
test had already been experienced during force field training. We ca1culated as a 
function of time the overlap between movement trajectories in the transfer 
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condition with those in training trials. The analysis was repeated for vertical and 
horizontal jaw positions, and vertical and horizontal velocity for each of the three 
experiments on a per subject basis. The trajectory overlap was uniformly high. 
The average percentage overlap in transfer and training trials was 89.5 for 
horizontal jaw position, 94.9 for vertical jaw position, 93.5 for horizontal jaw 
velocity and 95.2 for vertical jaw velocity. This suggests that subjects had 
experienced in the context of the initial training essentially aIl states needed for 
good performance in the transfer test conditions. 
The similarity of training and transfer utterances was also assessed in a 
control study in which ton gue and jaw movements were recorded using an 
electromagnetic motion tracking device. Using ANOV A, we tested for differences 
in the amplitude, velocity and duration of movement. Tests were conducted 
separately for horizontal and vertical components of movement of the two 
receiver coils on the tongue and a single coil on the jaw. There were no reliable 
differences for any of the markers in either the horizontal or vertical components 
of position, average velocity or movement duration in comparisons of sias versus 
suas, sias versus siais, and sias vocalized versus sias silent (p > 0.05 in aIl cases). 
Maximum velocities were similar for sias versus suas and for sias versus siais (p 
> 0.05), but differed for the ton gue tip and tongue dorsum markers for the vertical 
compone nt of opening movements for sias vocalized versus sias sUent (p < 0.03 
in both cases). 
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4.4 Discussion 
The instances of adaptation that we have observed in the experiments described 
above are in accord with the idea that the nervous system corrects for dynamics. 
However the correction on its own does not mean that adaptation is subserved by 
a generalized dynamics representation. A direct test is that learning should 
transfer when comparable dynamics are embedded in different tasks. We tested 
this idea in the context of speech production by varying the phonetic content of 
utterances that are matched on dynamics. We have shown that when the dynamics 
of training and test utterances are similar there is no measurable transfer of 
learning. The findings are consistent with the idea that neural signaIs are adapted 
in a context-specific fashion to produce desired movements. Other work suggests 
that generalization of dynamics learning requires multiple exposures and 
interpolation of control signaIs used in locallearning (Malfait et al., 2005). 
The varied phonetic conditions of speech can be compared to context cues 
that have been the focus of previous work in motor learning. In limb dynamics 
studies it has been shown that subjects can adapt to multiple environments based 
on the change in context (Gandolfo et al., 1996; Osu et al., 2004; Wainscott et al., 
2005). The present study shows that context cues, including different phonetic 
conditions, are highly selective. There is little transfer of motor learning from one 
context to another. The specificity of the learning argues against a model-based 
explanation of generalization of learning. 
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There are a number of instances in which generalization of dynamics 
learning has been reported. These include generalization across limbs 
(Criscimagna-Hemminger et al., 2003; Dizio and Lackner, 1995; Malfait and 
Ostry, 2004; Wang and Sainburg, 2004), across workspace locations (Mah and 
Mussa-Ivaldi, 2003; Malfait et al., 2002; Shadmehr and Mussa-Ivaldi, 1994; 
Shadmehr and Moussavi, 2000), and across movements of different amplitude and 
duration (Goodbody and Wolpert, 1998). In each case, these are instances of 
generalization in a very restricted sense. An examination of studies reporting 
generalization across workspace locations indicates that learning transfers only 
under conditions where torques in the training and transfer configurations are 
similar. Transfer across workspace location is thus observed only when subjects 
are, in effect, performing precisely the same movement in the training and transfer 
locations. Instances of inter-limb generalization are context specific and seem to 
be substantially dependent on cognitive factors rather than the transfer of the fine 
structure of motor learning. When loads are introduced gradually such that there is 
no kinematic error and no conscious awareness of load, interlimb transfer of 
learning is eliminated (Malfait and Ostry, 2004). Generalization over differences 
in amplitude and duration have been reported for movements in a single direction 
(Goodbody and Wolpert, 1998). However, this same scaling is not present for 
movements other than those in the training direction. 
In summary, dynamics learning in speech production is highly context 
dependent. Learning fails to generalize when the same tongue and jaw dynamics 
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are embedded in different words or different production contexts. The findings 
point to the specificity of speech motor learning and are inconsistent with the idea 
that transfer of motor learning is based on a generalizable dynamics 
representation. 
4.5 Materials and Methods 
Twenty-two subjects were assigned to one ofthree experiments. In Experiment 1, 
six subjects were trained to produce the utterance sias (see-ass) while the robot 
applied forces to the jaw. Following adaptation, the subjects were tested for 
transfer of learning with the utterance suas (soo-ass). Sias and suas were selected 
because they are matched on the basis of jaw movements while the tongue 
movements differed. In Experiment 2, four subjects were trained with the 
utterance sias and four others with the utterance sais (sah-ees). All eight subjects 
were tested for transfer of learning with the utterance siais (see-ah-ees), such that 
part of the training and the test utterances - either the opening (sia) or the c10sing 
(ais) were similar in terms of tongue and jaw movement, whereas the other half 
only shared jaw movements. In Experiment 3 eight subjects were trained and 
tested with the utterance sias; half of the subjects produced the utterance silently 
during the training phase and aloud during the test phase while for the other half 
the order was reversed, that is, they trained with vocalized speech and were tested 
for transfer with silent speech. In this study, both ton gue and jaw movements were 
similar in the training and the test phases. In all three experiments, the 
experimenter monitored a real-time display of movement amplitude and velocity, 
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and provided verbal feedback to help subjects keep these constant. The purpose of 
the feedback was to equate movements in the training and transfer conditions. 
The motor task to be learned in the training phase was the same as the one 
described in a previous study (Tremblay et al., 2003). It involved adaptation of the 
orofacial apparatus to an artificial mechanical force field, delivered to the jaw by a 
robotic device (Sensable Technologies Phantom 1.0). Specifically, the field acted 
to displace the jaw in the protrusion direction, along an axis orthogonal to jaw 
opening and closing movements, with a magnitude proportional to the 
instantaneous velocity of the jaw measured at the incisors. The force field was 
applied in the mid-sagittal plane. The force vector, J, produced by the robot 
depended on the velocity vector of the jaw at the incisors v, according to the 
following linear equation: J = Bv, where B = (0, 20; 0, 0) N.sec.m-1. Peak forces 
ranged from 4 - 5 N. 
The robot was coupled to the jaw by means of an acrylic and metal dental 
appliance that was glued with a dental adhesive to the buccal surface of the 
mandibular teeth (Figure 4.1). The appliance was attached to a magnesium and 
titanium rotary connector that allowed unrestricted movement of the jaw in aIl 
degrees of freedom. The head was immobilized by connecting a second dental 
appliance that was on the maxillary teeth to a rigid metal frame that consisted of 
two articulated metal arms that were locked in place during data collection. 
CHAPT ER 4. SPECIFICITY OF SPEECH MOTOR LEARNING 90 
The testing was carried out in blocks of trials in which subjects repeated an 
utterance 15 times at a preferred rate. The experiment began with four blocks 
produced in the absence of load: two blocks of the training utterance alternated 
with two of the test utterance. The first two blocks were for familiarization, 
whereas the last two comprised the baseline movements that were used in 
subsequent analyses. Then, immediately prior to the training phase of the 
ex periment, a single block of the transfer utterance was collected with the field on 
to enable a comparison of the movement path of the test utterance before and after 
training. The main body of the experiment was carried out under force field 
conditions. This consisted of a training phase of 450 repetitions of the training 
utterance and of a test phase of 15 repetitions of the transfer utterance. Tests for 
possible after-effects were carried out immediately afterwards. To test for after-
effects related to the training utterance, subjects produced five further blocks of 
training trials with the force field on, followed by a one addition al block in which 
the load was unexpectedly removed. Tests for possible transfer of after-effects 
were carried out by having subjects produce another five blocks of training trials 
(force field on) followed by one block of transfer utterances in which the load was 
absent. 
The data were recorded at 1KHz and digitally low-pass filtered at 12 Hz. 
Performance was quantified for each subject by measuring on a trial-by-trial basis 
the maximum perpendicular distance between each movement path under force 
field conditions and the average baseline path for the same utterance. Statistical 
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analyses using ANOV A were conducted on a between subject basis and included 
performance of subjects who were successful in learning the task. The analyses 
compared the distance from baseline at the start of the training, at the end of 
training, and for trials involving the transfer utterance aiso before and after 
training. Pair-wise comparisons of means were carried out using Tukey's method, 
where appropriate. 
The similarity of movements involved in the training and transfer utterances 
was assessed in a control study involving six new subjects in which tongue and 
jaw movements were measured in the absence of load using a Carstens AG 500 
electromagnetic motion tracking device (EMA). Subjects in this study produced 
each of the utterances used in the tests conducted with the robot. The study was 
carried out in blocks of 10 trials. Subjects produced 30 trials of each utterance in 
total. 
Tongue and jaw movements were recorded in 3D using receiver coils that 
were glued to the teeth and the tongue. Three coils on the maxilla were used to 
correct for head motion and detined a coordinate system with an origin at the tip 
of the maxillary incisors and a horizontal axis parallel to the occlusal plane. The 
coils on the maxilla were placed between the central incisors at the level of the 
gingiva and, at both the left and the right sides of the mouth, between the second 
premolar and the tir st molar tooth, also at the level of the gingiva. Speech 
movements were recorded using two coils on the mandible, one on the tongue 
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dorsum and one on the tongue tip. The coils on the mandible were placed 
symmetrically at the left and the right between the lateral incisor and the canine 
(at the gingiva). The tongue tip coil was placed on the midline one cm back from 
the tip; the tongue dorsum marker was three cm posterior to the tongue tip marker. 
AH movements were recorded at 200 Hz and low pass filtered at 12 Hz. 
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4.6 Figures 
Figure 4.1. Schematic of the experimental setup. The subject is connected to a 
robotic manipulandum by a dental appliance that is coupled to a rotary connector. 
The head is restrained during testing by connecting a similar dental appliance on 
the maxillary teeth to a set of articulated metal arms. 
Figure 4.2. Jaw motion paths in the sagittal plane for individual subjects. The left 
column shows jaw movements for the training utterances; the right column shows 
movements for the test utterances. The black paths represent the baseline 
condition, the blue paths show individual movements during initial exposure to 
the force field, and the red lines correspond to individual motion paths after 
training. Green lines represent jaw movements at the end of training, after 
unexpected removal of the field. A (Experiment 1). In the jaw-matched condition, 
adaptation to the force field observed at the end of training does not transfer to the 
test utterance. B (Experiment 2). In the restricted-match condition, training and 
test utterances had similar jaw and ton gue lowering movements: adaptation was 
observed, but there was no transfer of learning. C (Experiment 3). Even when the 
training and test utterances were globally matched, the learning achieved during 
training does not transfer to the test phase of the experiment. In aIl three 
experiments, an after-effect is observed with the training utterances (right panels), 
but not with the test utterances (left). 
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Figure 4.3. Learning curves showing training and transfer trials for each of the 
three experiments (A. Jaw movement matched; B. Restricted-match; C. Global-
match). Mean values (± sem) are shown on a between-subjects basis. Each point 
on the learning curves corresponds to average values of the maximum 
perpendicular deviation of all 15 movements of a given block. The red separate 
data points at the beginning and end of each curve give performance for the 
transfer utterances before and after training (± sem). The green data points labeled 
as TR and TE correspond to average deviation for the training and test utterances 
following unexpected removal of the field. The data shown in Panel Band C are 
pooled over the two conditions tested in each experiment. It can be seen that 
training and test utterances do not differ before adaptation trials. In the test for 
transfer at the end of training, the test utterance is significantly more deviated than 
the training utterance. 
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General Discussion 
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This thesis has presented a series of experiments that explored the role of 
somatosensory feedback in speech production and speech learning. In general, we 
found that somatosensory feedback plays a role in speech motor learning that is 
independent of the acoustics during ongoing speech. Moreover, it was shown that 
the central nervous system accounts for dynamics while producing speech as it 
adjusts its motor commands to adapt to a novel dynamical environment. This 
adaptation is restricted to the conditions in which training occurred. 
Experiments presented in chapter 2 demonstrated that subj ects can 
compensate for a distortion in speech movement trajectories, ev en though it has 
no perturbing effect on the quality of the sound produced. Subjects were tested 
while performing three different tasks. The first group was required to speak out 
loud (normal vocalized speech). Spectral measures and perceptual tests showed 
that the loads applied at the jaw during this task had no perceptible effect on the 
acoustic output. The subjects in the second group produced silent speech; 
therefore, they had no way of evaluating the acoustic consequences created by the 
field, other than estimating it from the somatosensory feedback. The third group 
performed non-speech jaw movements that were matched in amplitude and 
duration to those observed in speech. Subjects that produced normal vocalized 
speech and silent speech adapted to the force field, whereas subjects of the non-
speech group never learned the task even following several sessions of training. 
The fact that adaptation was observed in the absence of an alteration of the sound 
produced, and that this was not an inevitable consequence of training in a force 
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field - given lack of adaptation in non-speech movements -, demonstrates that in 
speech a somatosensory goal is pursued independent of the acoustics. 
Study Two aimed at identifying the linguistic units for which the 
achievement of specific somatosensory targets might be important. Subjects were 
exposed to the force field while producing two different utterances. The first 
utterance, sias, contained a vowel-to-vowel transition in the first portion of the 
speech movement, that is, in the jaw opening phase. The second utterance was 
chosen so that the transition between vowels was found in the closing phase of the 
speech movement (sais). The results showed that subjects adapted to the 
mechanical perturbation only in portions of the movement that contained a vowel-
to-vowel transition. This finding has two important implications. First, it suggests 
that the required kinematic precision during a transition between two vocal tract 
shapes associated with vowels is higher than during transitions between a 
consonant and a vowel - although a broader range of vowel combinations will 
need to be assessed before a firmer conclusion is drawn. Second, and more 
importantly, this finding showed that adaptation to a novel dynamic environment 
is indeed linguistic in nature as it depends on the phonetic content associated with 
the speech movements produced during training. 
Study Three showed that force field adaptation does not transfer across 
acoustic contexts, even when the dynamics associated with the training and the 
test utterances are basically identical. Three groups of subjects were trained under 
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force field conditions while repeating a given utterance (sias vocalized, sias silent 
or sais vocalized). Once adapted, they were tested with either suas, sias silent, 
sias vocalized or siais. For each pair of training and test utterances, jaw 
movements were dynamically matched in portions where adaptation was 
achieved. Consequently, the field had similar effects on both speech movements 
within a pair. Even under these conditions, we found that motor learning was 
confined to the context in which it had taken place as it did not transfer to the test 
utterances. These results point to the specificity of speech motor learning while 
exposed to a novel dynamic environment. 
5.1 Accounting for Dynamics ln the Planning of Speech-Like 
Movements 
One goal of the studies presented in this the sis was to examine the extent to which 
the nervous system takes account of dynamics while planning jaw movements. 
Based on the results of aH three studies, it appears that individuals can adjust their 
motor commands to compensate for distortions in speech movements induced by 
a velocity dependent force field. This is an indication that dynamics are taken into 
account in speech production. 
It has been demonstrated in many studies that force field adaptation can be 
readily achieved in arm movements. However, important features distinguish the 
current study from arm studies. First, the goals associated with arm movements 
are obviously quite different from those involved in jaw motion. Second, there is 
no visual feedback in the present context. Subjects must adapt on the basis of 
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somatosensory feedback and/or auditory feedback. Since arm reaching 
movements and jaw movements in speech production show a similar pattern when 
exposed to a velocity dependent force field, we suggest that analogous processes 
underlie these two types of motion planning. 
Given that the subjects are capable of adapting their speech movements to 
a velocity dependent force field, it is necessary to explore the basis of this 
adaptation. First of an, in the present studies, adaptation has to be realized using 
an error-based correction scheme, since the force field has absolutely no effect 
before the beginning of the movement (the force is equal to zero when the jaw 
velocity is equal to zero). It is during the course of movement that the subjects 
must determine the dynamic effect of the force field and how to compensate for it 
(through predictive adjustments) on the next trial. Consequently, this adaptation 
ought to be based on a closed-loop model. At least two different strategies could 
have been adopted to counteract the external perturbation. First, subjects could 
have chosen to co-contract their jaw muscles to prevent any distortion in the 
speech movement. In this case, the unexpected removal of the force field would 
likely have resulted in nothing more than an immediate return to the baseline 
movements (Burdet, Osu, Franklin, Milner & Kawato, 2001). In a second 
strategy, the subjects may have adjusted their motor commands in an anticipatory 
fashion to cancel out the effect of the field by applying a force, which is equal but 
opposite to the one delivered by the robot. The observation that jaw movements 
were always greatly deviated from baseline when the field was unexpectedly 
CHAPTER 5. GENERAL DISCUSSION 104 
turned off after training indicates that subjects adopted the latter strategy. Indeed, 
this after-effect is indicative of the motor command adjustments that the nervous 
system made in order to produce movements characterized by relatively normal 
kinematic output under the influence of the field. It can be suggested that subjects 
learned the relationship between the field strength and the jaw velocity using a 
closed-Ioop system and, based on this information, compensated for the 
perturbation by applying the appropriate amount of force in the opposite direction. 
This supports the hypothesis that the nervous system takes account of dynamics in 
the planning of speech movements. 
5.2 The role of proprioceptive feedback in speech production 
Self-monitoring of goal-directed actions involves the comparison between what 
was intended with what was actually achieved. For example, in speech, numerous 
studies have shown that speakers monitor and compare the actual sounds 
produced with the sounds that were intended (for a review, see Guenther 1995; 
2006). When a mismatch is detected, error-based corrections are made to adjust 
subsequent productions. This demonstrates that speakers pursue an acoustic goal 
while producing words. 
In the experiments presented in this thesis, somatosensory feedback was 
disturbed, whereas auditory feedback remained unaffected. This manipulation 
allowed us to examine the role of somatosensory feedback in speech production. 
At least three possible patterns of results could have been obtained from such 
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perturbation. First, subjects could have simply compared the desired acoustic 
target with the one that was reached and, finding no reliable difference between 
the two, they would have made no modification to their speech movements. 
Second, the discrepancy between the intended speech movement and the 
resulting movement could have been detected based upon somatosensory error. 
However, given that this error had no perceptible effect on the quality of the 
sound produced, they could have decided that no compensation was necessary. 
These two reactions would have been observed if aiming at a precise acoustic 
target was the unique goal of speech. However, this is not what occurred in the 
reported studies. Indeed, it was found that even if the acoustic output was not 
affected by the perturbation, the subjects corrected for the discrepancy between 
the "planned" and the resulting movements. This is the first demonstration that, in 
speech, a somatosensory goal is pursued independent of the acoustics. 
These data are in contradiction with a number of speech theories 
stipulating that speech goals are defined acoustically and maintained by auditory 
feedback (Munhall 2001; Perkell et al. 1997). According to these theories, 
somatosensory feedback would be extensively used during the language 
acquisition period in order to establish correspondence between motor commands 
to the oro facial system and the sensory consequences - both auditory and 
somatosensory. However beyond that phase in early childhood, somatosensory 
feedback would only be used when an update in the relation between motor 
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commands and the sensory output is necessary (such as teeth loss, wearing 
orthodontic appliances, etc.), or in case of major hearing loss. Under these 
circumstances, the use of somatosensory feedback would be secondary to the 
achievement of the acoustic and auditory-perceptual goals. 
Guenther (2006) has proposed a different model of speech production 
which takes into account the results reported in this thesis. This model has the 
advantage of identifying possible brain regions involved in speech motor learning 
and control. First, during the babbling phase in childhood, random movements of 
the speech articulators pro vide somatosensory and auditory feedback which serve 
to generate associations between motor commands and acoustic output. Once the 
acquisition phase is over, production of a word begins with the activation of cells 
in the pre-motor cortex that sends the appropriate commands to the primary motor 
cortex, supplemented by projections from the cerebellum. This corresponds to the 
feedforward control system of speech production: one knows that by activating a 
particular set of motor commands a specific sound will be produced. In parallel, 
the pre-motor cortex sends signaIs of the expected sensory feedback to the 
superior temporal gyms (the auditory target) and to the anterior supramarginal 
gyms (the somatosensory target). These targets are compared with auditory 
feedback coming from the primary auditory cortex and with somatosensory 
feedback from the primary somatosensory cortex within their respective higher-
order cortices. Then, if a mismatch is detected between the auditory target and the 
auditory feedback or between the somatosensory target and the somatosensory 
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feedback, an error signal arises. This error signal will be sent back to the motor 
cortex in the form of corrective adjustments to be made to subsequent motor 
commands. If the errors are consistently encountered, the corrections will 
eventually become integrated into the feedforward control system, so that 
feedback-based adjustments will no longer be necessary. 
The results reported in this thesis can be explained in terms of Guenther' s 
speech production model. Indeed, the perturbation delivered by the robot created a 
mismatch between the expected somatosensory target and the somatosensory 
feedback. A presumed error signal was sent to the motor cortex, providing the 
appropriate adjustments to the motor commands to compensate for the distortion 
in the jaw trajectory. Over the course of the training session, the corrections were 
coded in a feedforward controller and became the updated motor commands to 
produce the utterance. Consequently, when the perturbation was removed, 
subjects experienced an after-effect, corresponding to the changes in the motor 
commands that were made to counteract the perturbation. 
Studies usmg positron emlSSlOn tomography (PET) and functional 
magnetic resonance imaging (fMRI) have provided evidence that somatosensory 
feedback is used in auditory tasks. For example, in a study carried out by Paus and 
colleagues (1996), subjects were required to whisper syllables at various rates 
while white noise masked the auditory feedback. They have found that as speech 
accelerated, cerebral blood flow (CBF) increased in two regions of the secondary 
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auditory cortex involved in the processing of speech sounds. As subjects had 
presumably no access to the acoustic output, the authors concluded that the 
modulation of CBF in the auditory cortex was triggered by discharges from the 
motor areas. 
More recently, it has been shown that feedback from tactile and auditory 
stimulations are integrated in secondary auditory cortex of humans (Foxe et al., 
2001) and anaesthetized monkeys (Kayser et al., 2005). Using fMRI, the 
investigators found that simultaneous stimulations in both modalities resulted in 
significantly greater activity in the auditory cortex at the second stage than what 
would be expected from the addition of the individual responses. This is an 
indication of multisensory integration in early stages of auditory processing. 
Furthermore, electrophysiological recordings performed on macaques 
demonstrated that neurons in the caudomedial (CM) region of the auditory cortex 
responded to cutaneous stimulations (Fu et al., 2003; Schroeder et al., 2001). In 
humans, fMRI studies have shown that tactile pulses and vibrations activated 
parts of the posterior auditory belt area (Schürmann et al., 2006). 
Together, these experiments suggest that somatosensory feedback has an 
effect on processing of sounds in speech and other auditory tasks. Interestingly, 
when considering results from two magnetoencephalographic studies, it seems 
that the degree of audiotactile activations in the somatosensory cortex and the 
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auditory cortex depends on the relative salience of the stimuli in each modality. 
Indeed, when auditory stimuli are more salient than tactile stimuli, a suppression 
of responses is observed in the secondary somatosensory area (Lütkenhôner et al., 
2002). In contrast, if touch is more salient than are sounds, there is an inhibition in 
the auditory cortex (Gobbelé et al., 2003). In our studies, we can presume that the 
somatosensory feedback was more salient than the auditory feedback as it 
departed from what was expected at the start of movement. 
5.3 Characteristics of force field adaptation in speech production 
5.3.1 Transfer versus learning specificity 
In experiments presented in Chapter four, it was found that speech motor learning 
is highly specifie to the conditions in which training occurred and, by 
consequence, does not easily transfer to novel situations. This is consistent with a 
number of studies of limb movements and grip force learning (see Introduction) 
that reported very limited transfer of learning across testing conditions. 
On the other hand, there are numerous everyday life demonstrations that 
training on one task improves performance on another task. For example, children 
first learn to write with big letters with the objective of transferring this ability to 
smaller letters. In addition, one might practice a new movement such as a golf 
swing at a slow rate with the assumption that the improvement will transfer to a 
faster rate. FinaIly, once writing is weIl acquired, people can write in aIl kinds of 
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different contexts such as on a vertical blackboard, in the sand with a piece of 
wood, even with their foot! 
Studies have shown that transfer of learning might occur from one arm to 
the other. For example, Wang and Sainburg (2004) trained subjects to produce 
reaching movements in a rotated visuomotor environment. Once adaptation was 
achieved, they looked at performance while reaching a target with the untrained 
arm in the same transformed environment. They found that learning transferred 
from the dominant to the non-dominant arm. These results were replicated using 
dynamical perturbations: interlimb transfer was observed from the dominant to 
the non-dominant arm in healthy subjects (Criscimagna-Hemminger et al., 2003, 
Wang and Sainburg, 2004b) and in a commisurotomy patient (Criscimagna-
Hemminger et al., 2003). 
Given these results, it is somewhat surprising that transfer did not occur 
between the rather similar training and test conditions of the experiments 
presented in Chapter Four. Even when the same utterance was repeated with 
different voice volumes (vocalized speech and silent speech), generalization of 
learning was not observed. In order to reconcile these inconsistent data, we will 
refer to a study carried out by Malfait and Ostry (2004). These authors 
hypothesized that the interlimb transfer observed by Criscimagna-Hemminger and 
colleagues (2003) resulted from a cognitive strategy in response to a marked 
deviation of the hand trajectory due to the sudden introduction of the perturbation. 
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To test that idea, two groups of subjects were trained to produce reaching 
movements while perturbed by a viscous curl-field. For the first group, the field 
was at its maximum strength on the very first trial so that large kinematic errors 
were clearly perceptible to subjects. For the second group, the field was gradually 
introduced so that at no point during the training phase and the transfer test were 
subjects aware of the effect of the perturbation. The subjects of both conditions 
adapted in a similar way to the curl-field. However, only the subjects that were 
exposed to a sudden introduction of the field transferred to the contralateral arm in 
the test phase. The authors concluded that interlimb transfer observed under these 
conditions is attributable to the use of cognitive strategies. 
In our experiments, it is unclear whether subjects were conscious of the 
discrepancy between their intended movement and the actual borrowed trajectory. 
First, subjects did not have access to visual feedback of the deviated jaw motion. 
Second, the deviation was especially small (3 to 6 mm) compared to the one 
induced in arm studies (approximately 10 cm). Finally, in interviews following 
the training session, our subjects were generally not aware of the effect of the 
field on their jaw. Indeed, none of them was able to detect the protruding 
deviation created by the robot. It seems from our results and the ones reported by 
Malfait and Ostry (2004) that unless explicit information is available for subjects 
to recruit cognitive strategies, learning of new dynamics is specific to the training 
conditions. 
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A second possible explanation for the lack of transfer in the experiments 
of Chapter Four resides in the degree of difficulty of the selected motor learning 
task. Indeed, it has been shown in visual perceptual learning studies that when a 
discrimination task is very difficult, learning is specifie to the position and the 
orientation of the stimulus (Poggio et al. 1992, Ahissar and Hochstein 1997), as 
well as to the trained eye (Kami and Sagi 1990). On the other hand, if the 
perceptual task is easy - that is if the difference between the distracters and the 
target is obvious or if the time of target exposition before the appearance of the 
masking stimulus is prolonged - leaming transfers across test conditions. 
According to Ahissar and Hochstein (1997), this allows us to "enjoy the benefits 
of learning generalization when possible, and of fine grain but specifie training 
w hen necessary". 
It can be presumed that the adaptation task used in this thesis is rather 
difficult. First, over four hundred repetitions of the same utterance are necessary 
to achieve significant improvement, as opposed to 10-12 reaching movements arm 
studies. Even after this extensive training period, only 75% of subjects show 
adaptation. If the jaw movements are not produced in a speech context, the 
subjects are not capable of compensating for the force field even after more than 
two thousand repetitions distributed on four consecutive training days. It is 
therefore possible that the high level of difficulty of our learning task required 
fine adjustments that do not allow generalization. 
CHAPT ER 5. GENERAL DISCUSSION 113 
5.3.2 Adaptation is restricted to specifie acoustic units 
In the study presented in Chapter three, subjects only achieved adaptation in parts 
of the speech movement - that is, in the portion of the movement that contained a 
transition between two vowels. This was unexpected given that in studies of arm 
movements, subjects produce reaching movements back and forth, and they 
compensate for the effect of the field in both directions. Several aspects 
differentiate force field adaptation while producing reaching movements versus 
speech movements. First, as mentioned above, force field adaptation is likely a 
harder task in speech than in arm movements. Furthermore, the perturbation is 
much less perceptible when applied to the jaw than to the hand, eliminating the 
possibility of recruiting a cognitive strategy for adaptation. It is therefore 
plausible that during ongoing speech, one cannot compensate for the perturbation 
induced by a force field in subsequent movements in opposite directions. 
To test that hypothesis, one could carry out an experiment in which the 
subjects are trained while producing an utterance containing a vowel-to-vowel 
transition in both opening and closing phases of the speech movement (for 
example, siais) and/or an utterance with no vowel-to-vowel transition at aIl (i.e. 
sas). If, for example, it is not possible for speakers to compensate for the loads in 
two opposite directions, subjects trained with siais or sas should adapt in either 
the opening phase or the closing phase indifferentially, but not in the entire speech 
movement. In contrast, if reaching precise somatosensory targets is only critical in 
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transitions between vowels, adaptation should not be observed while producing 
sas, but it should be achieved in the entire production of siais. 
5.4 Limitations & Future Directions 
A number of studies presented in the Introduction section have demonstrated that 
when auditory feedback is altered, subj ects change their motor commands to 
reach desired acoustic output. These results imply that subjects pursue specific 
acoustic targets while producing speech. In this thesis, we show that when the jaw 
trajectory, and hence somatosensory feedback, is altered by a predictable 
mechanical load, speakers compensate for the external forces in order to bring 
somatosensory feedback closer to that experienced in the absence of load. 
Therefore, reaching precise somatosensory targets is also a dominant goal of 
speech production. However, a major difference between the experiments 
presented in this thesis and the studies of altered auditory feedback needs to be 
underscored. In our studies, adjusting motor commands to adapt to the loads had 
no measurable effect on the sound produced. In contrast, to compensate for a 
pitch-shift or a distortion in formant frequencies, it is presumed that speakers have 
to modify their speech movements - although this is not directly measured in 
these experiments. In a way, it seems that when auditory feedback is perturbe d, 
subjects sacrifice their somatosensory targets in order to achieve acoustic targets. 
Such sacrifice need not be made with our approach. It is unclear whether speakers 
would still compensate for an alteration in speech movements if such 
compensation would lead to an impoverishment of the acoustic quality. 
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To examine the relative importance of the two sensory goals in speech, 
both techniques described above should be combined in a single experiment: for 
instance, while subjects are exposed to force field perturbations, the perceived 
auditory feedback should be manipulated such that any motor compensation 
would result in significant acoustic effect. Whether or not subjects would adapt to 
the perturbation under those circumstances would give us insight on the relative 
weight placed on each kind of sens ory feedback during speech production. For 
example, if subjects only adapted to the mechanical perturbations in the cases 
where there is absolutely no consequence on the sound produced, it might point to 
audition being the dominant sensory modality in speech. In contrast, if sorne 
acoustic distortion is tolerated with the aim of restoring - at least partially - the 
somatosensory targets, then it might suggest that the acoustic and somatosensory 
goals are equally important: if both cannot be reached simultaneously, a 
compromise is made between the two. 
A limitation of the studies presented in this thesis resides in the fact that 
they give no indication on possible brain locations involved in speech motor 
adaptation based on somatosensory feedback. Rirano and colleagues (1996, 1997) 
carried out two studies in which changes in regional cerebral blood flow (rCBF) 
were examined in healthy speakers during an unaltered auditory feedback 
condition and a delayed auditory feedback condition. They identified two 
different cortical pathways specific to each condition. In the unaltered auditory 
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feedback condition, they found an increase ln cerebral blood flow of the 
supplementary motor area, whereas during the altered auditory feedback 
condition, significant activation was observed in the superior temporal gyri. The 
authors conc1uded that two different cortical mechanisms exist to produce 
speech: one for overlearned speech (programmed in SMA) and one for situations 
that require feedback processing (involving the superior temporal gyrus). 
Unfortunately, for technical reasons, it is difficult to expose the jaw to 
force field perturbations while in a PET scan. However, other techniques such as 
transcranial magnetic stimulation (TMS) could be utilized to investigate possible 
involvement of brain regions in force field adaptation during speech production. 
Ho and colleagues (2005) used this method to examine the role of motor cortex in 
generating reflexive adjustment of speech articulation. They found that a reflex 
response of the upper-lip induced by a jaw-Iowering perturbation was facilitated 
by subthreshold TMS of the motor cortex. An adaptation of this procedure could 
be integrated to a force field study in order to assess the relative influence of 
auditory and somatosensory areas on speech motor learning. 
In Study Two, we intended to solve a puzzle presented by the results of 
Study One; the fact that subjects only adapted in the opening jaw movements. We 
found by assessing different training utterances that subjects adapted in portions 
of the speech movement that contained a transition between two vowels. One 
limitation of this study is the fact that only transitions between two specific 
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vowels (i and a) were examined. There are reasons to believe that transitions 
between those two vowels have higher precision requirements than transitions 
between other vowels. Indeed, Carré and colleagues (2001) carried out an 
experiment in which subjects listened to six vowel-to-vowel transitions (ia, ai, iu, 
ui, au and ua) that were synthesized with two different methods of deformation of 
the vocal tract area. Listeners were required to tell which transitions sounded 
more natural. In the case of transitions between i and a, aIl subjects identified the 
same method of deformation as the one sounding more natural. However, for 
transitions between i and u, and a and u, both methods were equally chosen. It 
was concluded that transitions between i and a required high precision in terms of 
vocal tract deformation when compared to transitions between other vowels. In 
future force field experiments, it would be interesting to explore whether speakers 
would adapt to utterances containing, for example, transitions between i and u or 
a and u. If adaptation is obtained using a broad range of vowel combinations, then 
it would suggest that the higher precision requirements observed when producing 
an i followed by an a are typical of aIl transitions between vowels, and not 
restricted to those two vowels alone. 
Study Two was only the first step towards identifying the phonetic 
determinants of force field adaptation during speech. In further experiments, a 
variety of utterance types will need to be assessed. We already mentioned in the 
previous section utterances with vowel-to-vowel transitions in both the opening 
and the closing phases of jaw movement (i.e. siais), as weIl as utterances which 
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do not contain any transition between vowels (sas). In addition, other start and 
end consonants should be studied to examine their possible implication in the 
adaptation process. It is weIl known that fricative consonants such as /s/ have very 
high precision requirements in terms of articulator positions. A question that 
cornes to mind is whether adaptation would occur with utterances containing 
consonants for which a higher degree of kinematic tolerance has been shown. 
Another issue that might be worth exploring is whether the presence of a 
consonant is at aIl necessary for adaptation to occur. To test this idea, utterances 
such as ia, ai or iai could be investigated. 
The results from Study Three point to the specificity of speech motor 
learning. A question naturally arises from that finding: are there any training 
conditions that would allow generalization across contexts? A pilot study 
conducted recently suggests that if subjects are trained with multiple utterances 
(i.e. see-ass and soo-ah-s), transfer of learning might occur to untrained ones 
(soo-ass and see-ah-s). For now, these results are only preliminary. However if 
they are replicated in future experiments, it could suggest that although speech 
motor learning is a priori highly specific to training conditions, if provided with 
multiple instances in which the loads are experienced, learning could transfer to 
untrained speech movements. This is in accord with Guenther's speech production 
model (2006), which proposed that if a mismatch is consistently encountered 
between the planned auditory or somatosensory targets and the actual sensory 
feedback, the corrections might eventually become integrated into the feedforward 
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control system. Therefore, it cannot be excluded that a more generalized 
representation for dynamics is generated if the jaw is exposed to the force field in 
multiple contexts. 
In this pilot study, the consonant (s) and the vowels used (i, u, a and ae) 
were kept constant between the training and the test utterances; only the 
combinations of those vowels within the utterances differed (for example, i-a and 
u-ae in training versus i-ae and u-a in the transfer test). In future experiments, a 
thorough investigation of various utterance types will allow us to examine in 
greater depth the conditions under which transfer of speech motor learning may 
occur. 
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